Trypanosomes of the Australian brush-tailed bettong (Bettongia penicillata)- the parasites, the host and their potential vectors by Thompson, Craig
P a g e  | i 
 
Trypanosomes of the Australian  
brush-tailed bettong (Bettongia penicillata)-  
the parasites, the host and their potential vectors 
 
 
Craig K Thompson BSc (Hons) 
 
 
A dissertation submitted to Murdoch University in  





Professor R. C. Andrew Thompson, Murdoch University 
Dr. Adrian F. Wayne, Department of Parks and Wildlife 





P a g e  | ii 
 
Prelude 
Science may set limits to knowledge,  






Nature composes some of the loveliest poems 









I declare that this thesis is my own account of my research and 
contains as its main content, work that has not been previously 
submitted for a degree at any other tertiary education institution 
 
Craig K Thompson BSc (Hons) 
June 2014 
  
P a g e  | iv 
Acknowledgements  
This thesis has been a result of extensive field and laboratory work that would have not 
been achievable without the guidance and support of the following people. 
I would like to thank Manda Page, Jo Kuiper and Alexander Kabat at Karakamia Wildlife 
Sanctuary, Marika Maxwell, Chris Vellios and Colin Ward at DPaW Science and Nature 
Conservation Division, Lizzie Aravidis and Kelli Ellemor at NAR for their expertise, assistance 
and understanding during field work, especially in the early stages of woylie handling when 
things did not always go to plan- 
“Have you got the woylie?”....”yep” 
“Are you sure?” ... “yep”  
“Where did it go?” .... “opps, my bad!!”. 
I am also grateful to the numerous volunteers who helped with the collection of samples 
during the monthly trapping at NAR.  
I am in debt to both Kerry and Kerry Littleton, who graciously allowed the transfer of eight 
woylies from their private colony to NAR for the intensive observational study; thank you.  
In the laboratory, a huge thanks goes to Adrian Botero-Gomez and Louise Pallant; the 
results that I present here are due, in part to their molecular super-powers. When I started 
this investigation, I did not understand what PCR stood for, the importance of pipettes, or 
why Taq is required in each and every reaction; thank-you, thank-you, thank-you. I would 
also like to thank Andrew Li and Peter Adams for their assistance with developing the FISH 
P a g e  | v 
protocol and Wan Hon for her continuous guidance throughout, in particular her comments- 
“you’re doing it all wrong!”  
Another huge thanks goes to Judy Dunlop; you made the four years of my candidature very 
enjoyable. The therapy sessions at the Tav (which became more and more regular as time 
went by) helped to blow away the cobwebs, to vent frustrations and to talk about 
something else other than the thesis. I am very much grateful; thank you. 
To my supervisors, Prof. Andy Thompson, Dr Adrian Wayne and Dr Stephanie Godfrey, again 
I am very much grateful for your time, assistance, guidance, support and quick turnaround 
with earlier drafts. Thank you.  
And finally to my wife, Eileen; thank you for your unconditional support and understanding, 
allowing me the time and freedom to complete this mammoth task. Now that it is 
over......Never Again! 
In completing this thesis, I dedicate it to my son, Ash Nicholas (17.05.2013). You have 
changed my life for the better, and I am so very grateful for the opportunity to be at home 
and watch you grow during the last six months. PRICELESS  
And now that this thesis has been submitted........Papa’s back!!  
  
P a g e  | vi 
Abstract 
The brush-tailed bettong (Bettongia penicillata) is known locally as the woylie and is one of 
two critically endangered potoroids in Australia. At a species level, they have declined by 
90% since 1999, with their current distribution occupying a small fraction of their former 
Australian range. The predation of individuals made more vulnerable by disease is thought 
to be the primary cause of this decline; however, there may be other, as yet unidentified, 
stressors. This thesis details research that investigated whether trypanosomes are the 
causative agent that has reduced the fitness of the woylie and made them more vulnerable 
to predation.  
Woylies and haematophagous insects were sampled from five locations in southern 
Western Australia. Woylie health checks included the measurement of weight and skeletal 
morphometrics from adults, sub-adults and pouch young; reproductive observations on 
adult females; the collection of blood and ectoparasites from adults and sub-adults; and the 
single collection of tissues from a deceased adult woylie.  
During reproductive examinations, the maximum annual breeding potential was observed 
for the adult female, as to the pouch life, rate of growth, age of independence, sexual 
maturity and mating of the pouch young. Crown-rump and skeletal measurements of the 
developing pouch young were adequate predictors of age, with resulting growth curves 
being incorporated by the Department of Parks and Wildlife during conservation field-work.  
During the morphological investigation of trypanosomes from the woylie, a new species was 
identified and described: Trypanosoma vegrandis sp. nov. Morphological polymorphism was 
also identified for Trypanosoma copemani, with two different phenotypes described. 
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Spatially, the prevalence of parasitic infections varied among the five study sites, with 
contrasting trypanosome prevalence observed from the two declining indigenous 
populations within the Upper Warren region in southern Western Australia. Parasitaemia 
associated with trypanosome infection in the peripheral blood of the woylie exhibited a 
temporal decline as the infection progressed, being indicative of the infection transitioning 
between the acute and chronic phase.  
This thesis addresses host reproductive biology, trypanosome identification, spatial, 
temporal and transmission dynamics of infections, with relation to acute and chronic health 
of the woylie. It appears that the chronic intracellular association of trypanosomes with the 
internal organs of the woylie may be potentially pathogenic and adversely affect the fitness 
and coordination of the woylie, making them more susceptible to predation. As evident 
from this thesis, the chronic effect of trypanosome infections requires consideration during 
future conservation efforts to protect the woylie from extinction. 
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Chapter 1 – Introduction 
 
 
1.1 Introduction outline 
The introduction presented has been set out in two parts.  
The first part (1.2 Trypanosomes of Australian mammals: A review) focuses on the parasite, 
reviewing trypanosome surveillance from indigenous and introduced Australian mammals. 
The reviewed trypanosome diversity highlights how little we know about native Australian 
trypanosomes. It emphases the need to continue trypanosome taxonomy, phylogeny and 
surveillance, as well as the importance of continued investigations regarding the impact of 
these haemoparasites upon the acute and chronic health of the host, and their potential 
impact upon naїve host species.  
The second part (1.3 Overview: The woylie decline in Western Australia) focuses on the 
brush-tailed bettong or woylie, outlining the recent past of this species, its population 
decline from European settlement to the 1970’s, its conservation and subsequent recovery 
and its second decline since 1999. It also puts into context the significance of the recent 
trypanosome discoveries in the woylie and resultant hypotheses that suggest that these 
haemoparasites may be associated with the recent decline.  
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1.2 Trypanosomes of Australian mammals: A review 
          (Appendix 4) 
 1.2.1 Introduction 
Parasites from the genus Trypanosoma are ubiquitous haemoprotozoans that infect a wide 
range of animals, including fish, amphibians, reptiles, aves and mammals, and are the 
causative agents for some of the most neglected human diseases (Noyes 1998, Barrett et al. 
2003). The basic haematic shape of mammalian trypanosomes are somewhat lanceolate, 
and oval in transverse section; they contain a dark staining nucleus, as well as a dark 
staining kinetoplast situated at the base of a single undulating flagellum (Hoare 1972) 
(Figure 1.1A). The genus Trypanosoma is believed to be a monophyletic group, with the two 
most important species in people, Trypanosoma brucei and Trypanosoma cruzi, sharing a 
common ancestor that dates back about 100 million years (Stevens et al. 1999, Barrett et al. 
2003). With the exception of Trypanosoma equiperdum, which can be sexually transmitted, 
and T. cruzi, which can be transmitted vertically and orally, the trypanosomes of mammals 
are believed to be heteroxenous (Hoare 1972, Muñoz et al. 2009, Shikanai-Yasuda and 
Carvalho 2012).  
There is a growing realisation that trypanosomes infecting mammalian wildlife can adversely 
affect the health of their hosts, with three documented cases supporting this. The first is the 
introduction of Trypanosoma lewisi on to Christmas Island, which may have precipitated, or 
been the sole cause of the extinction of the Maclear’s rat (Rattus macleari) and possibly the 
bulldog rat (Rattus nativitatis) (Pickering and Norris 1996, Wyatt et al. 2008, MacPhee and 
Greenwood 2013). The second case is the intracellular stage of Trypanosoma copemani and 
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its recent association with changes to the smooth and cardiac muscles of the critically 
endangered woylie (Bettongia penicillata) (Figure 1.1B), with characteristics of infection 
reportedly similar to Chagas disease in humans (Botero et al. 2013). The third case is the 
statistical association of Trypanosoma gilletti infections with lower blood packed cell 
volumes and body condition scores of koalas (Phascolarctos cinereus) with signs of 
concurrent diseases, including chlamydiosis, bone marrow disease or koala AIDS (McInnes et 
al. 2011). These documented cases support the need for continued surveillance of 
trypanosome biodiversity, investigation of the pathogenicity of Australian native 
trypanosomes and monitoring of the Australian mammals for exotic trypanosome species. 
 
 
Figure 1.1  (A) General trypanosome shape (trypomastigote form from the blood of a 
woylie (Bettongia penicillata)) (K = kinetoplast, N = nucleus, FF = free flagellum and RBC = 
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There are growing biosecurity concerns regarding the potential negative impact of exotic 
trypanosomes if allowed to successfully establish within the indigenous wildlife of Australia 
(Thompson 2013). The potential impact of Trypanosoma evansi on the health of Australian 
marsupials has already been demonstrated (see below) (Reid et al. 2001), but recent 
analysis of Australian native trypanosomes has also identified shared phylogenetic 
relationships with exotic trypanosomes, such as the taxonomically undescribed Australian 
species of Trypanosoma referred to as T. sp. H25 and the pathogenic T. cruzi (Stevens et al. 
1999, Hamilton et al. 2005a, Botero et al. 2013) (Figure 1.2). This shared genetic relationship 
could indicate that vectors involved in the transmission of our native trypanosomes could, in 
theory, transmit the related exotic trypanosome to our wildlife, in much the same way that 
the day-feeding midge (Diptera: Ceratopogonidae) (and not a phlebotomine sand-fly) has 
been incriminated with the transmission of Leishmania to the Australian red kangaroo 
(Macropus rufus) (Dougall et al. 2011). Therefore, the possibility exists for Australian 
indigenous mammals, such as the brush-tail possum (Trichosurus vulpecula) and short-
beaked echidna (Tachyglossus aculeatus) (Backhouse and Bolliger 1951) to act as reservoirs 
for the pathogenic T. cruzi if successfully transmitted from an infected Chagas patient, of 
which there were an estimated 1400 to 3000 in Australia in 2006 (Gascon et al. 2010, 
Schmunis and Yadon 2010). However, further work is required to investigate whether T. sp. 
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Figure 1.2  A graphical representation of the phylogenetic relationship shared by some 
Australian trypanosome isolates based on gGAPDH sequences (≈810 bp) (reproduced with 
permission from Botero et al. (2013), with modifications highlighted in grey) 
 
Given the growing concerns regarding the health and survival of wildlife, this review outlines 
the current knowledge of the diversity and distribution of trypanosomes that infect 
Australian mammals. Here we review the last 100 years of trypanosome research in 
Australia, identifying geographic ranges of native species, and highlighting where further 
research is needed and the groups of indigenous mammals that are at highest risk. 
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1.2.2 Mammals of Australia 
Current estimates account for approximately 306 species of terrestrial and arboreal 
mammals that were extant in Australia at the time of European settlement in 1788 
(McKenzie et al. 2007). This includes 162 marsupial species, 66 rodents, 76 bats and two 
monotremes (McKenzie et al. 2007, Van Dyck and Strahan 2008). In this article, we refer 
only to “modern” mammals, being those species that were extant and indigenous to 
Australia at the time of European settlement. We have included species which became 
extinct soon after European arrival, such as the Nullarbor dwarf bettong (Bettongia pusilla), 
which has never been recorded alive and is known only from its fossil records (McNamara 
1997, Burbidge 2008). 
The modern indigenous mammals of Australia have not fared well since colonisation; an 
estimated 7% are extinct, an additional 3% have become restricted to offshore islands, and 
14% are currently threatened with extinction (McKenzie et al. 2007). This proportion of 
mammal extinction exceeds all other continents during the same time period (Short 1998, 
Johnson 2006, McKenzie et al. 2007, Van Dyck and Strahan 2008).  
 
1.2.3 Trypanosomes of Australian mammals 
The following describes chronologically the identification of trypanosomes from indigenous 
Australian mammals: (i) marsupials, (ii) rodents, (iii) bats and (iv) monotremes, as well as (v) 
introduced mammalian fauna. The geographical identification of trypanosomes from 
indigenous Australian mammals is illustrated in Figure 1.3A. The potential impact of native 
and exotic trypanosome infections upon their mammalian host species is also discussed. 
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1.2.4 Trypanosomes of indigenous Australian marsupials 
Of the four indigenous mammalian groups included in this review, marsupials have the most 
number of species (N=46) examined in terms of trypanosome surveillance in Australia. The 
first trypanosome identified from an Australian marsupial was from the short-nosed 
bandicoot (Isoodon macrourus) (nomenclature of 1953: Thylacis obesulus) in 1953; this 
trypanosome was taxonomically described Trypanosoma thylacis in 1959 (Mackerras 1958a, 
1959). Nine additional marsupial species were examined during this study, all of which were 
uninfected with trypanosomes (Mackerras 1959) (Table 1.1). Trypanosoma thylacis was to 
remain the only formally described trypanosome species from an Australian marsupial for 
another 50 years.  
The first Tasmanian trypanosomes were recorded from the southern brown bandicoot 
(Isoodon obesulus) and eastern barred bandicoot (Perameles gunnii) in 1998 (Bettiol et al. 
1998) (Table 1.1). The morphological measurements of the trypanosomes observed from I. 
obesulus were statistically different from those from P. gunnii, indicating two different 
species of trypanosomes (Bettiol et al. 1998). The morphological measurements of the 
trypanosome from I. obesulus and I. macrourus were also statistically different from one 
another, suggesting that the trypanosome from the Tasmanian I. obesulus was not T. 
thylacis (Mackerras 1959, Bettiol et al. 1998).  
A nested polymerase chain reaction (PCR) was developed in 1999 to detect and identify 
trypanosomes from blood samples of Australian birds and mammals (Noyes et al. 1999). 
This approach (with supporting culturing and molecular methodology) was a significant 
development as it provides a more sensitive technique than conventional parasitological 
methods, and allows rapid screening of multiple blood samples for the genus Trypanosoma, 
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as well as the identification of previously unknown trypanosome species (Noyes et al. 1999, 
Adams and Hamilton 2008). Noyes et al. (1999) examined nine different marsupial species, 
with six investigated for the first time (Table 1.1). Trypanosoma sp. H25 was identified from 
the eastern grey kangaroo (Macropus giganteus) and T. sp. H26 (later identified as T. 
copemani) from the common wombat (Vombatus ursinus) (Noyes et al. 1999).  
The haemoparasites of 39 bridled nail-tail wallabies (Onychogalea fraenata) were examined 
by microscopy in 2001; no trypanosomes were identified from the 78 blood smears 
collected (Turni and Smales 2001). During the same year, the susceptibility of the agile 
wallaby (Macropus agilis) and the dusky pademelon (Thylogale brunii) to experimental 
infections with T. evansi was investigated in Papua New Guinea; only the agile wallaby is 
indigenous to Australia (Reid et al. 2001). Both marsupial species succumbed to infection, 
suffering from a high level of parasitaemia, morbidity and mortality (Reid et al. 2001). This 
experiment demonstrated the biosecurity concerns regarding the potential negative impact 
of T. evansi if it was introduced and successfully established within the wildlife of Australia 
(Reid et al. 2001, Thompson et al. 2003). 
During a phylogenetic analysis in 2004, three different indigenous Australian marsupials 
were examined for trypanosomes; an undescribed Trypanosoma species was identified (and 
later cultured (Hamilton et al. 2005a)) from the swamp wallaby (Wallabia bicolour) 
(Hamilton et al. 2004) (Table 1.1). During a follow up report in 2005, these authors analysed 
the blood of 20 indigenous Australian marsupial species, seven of which were investigated 
for the first time (Hamilton et al. 2005a) (Table 1.1). An undescribed Trypanosoma species 
was identified from the brush-tailed rock wallaby (Petrogale penicillata) (Hamilton et al. 
2005a). The latter phylogenetic analysis grouped three different trypanosomes from 
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Australian marsupials into three separate clades, and surprisingly, each clade shared a closer 
genetic relationship with exotic trypanosomes, such as T. cruzi and Trypanosoma theileri, 
than with one another (Hamilton et al. 2005a).  
A haematological study of Western Australian quokkas (Setonix brachyurus) and Gilbert’s 
potoroos (Potorous gilbertii) in 2006 identified trypanosomes by microscopy (Clark and 
Spencer 2006). No morphological measurements were recorded from these parasites.  
In 2008, microscopy and molecular methodology were used to identify trypanosomes from 
the woylie (B. penicillata) and western quoll (Dasyurus geoffroii) in Western Australia (WA) 
(Smith et al. 2008) (Table 1.1). At the time, evidence suggested that the trypanosome from 
the woylie was a new species, as it was morphologically distinct and molecularly novel 
(Smith et al. 2008). Further, overall prevalence of trypanosomes and individual parasitaemia 
levels were higher in a declining woylie population in the wild than in a stable, confined 
population examined concurrently, suggesting that this trypanosome might influence the 
population size of this host (Smith et al. 2008).  
As part of a follow up investigation in 2009, the trypanosomes identified from the quokka 
and Gilbert’s potoroo in 2006 were recognised as the same species (Clark and Spencer 2006, 
Austen et al. 2009). This trypanosome species was named T. copemani (Austen et al. 2009), 
becoming the second native trypanosome species formally described from an Australian 
marsupial.  
Twelve different species of Australian marsupials were molecularly screened for 
trypanosomes during the same year, nine of which were analysed for the first time (Averis 
et al. 2009) (Table 1.1). Trypanosomes were identified from seven host species, five of 
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which were new host records, including the brush-tailed possum (Trichosurus vulpecula), 
dibbler (Parantechinus apicalis), common planigale (Planigale maculata), golden bandicoot 
(Isoodon auratus) and the burrowing bettong (Bettongia lesueur) (Averis et al. 2009).  
Results from the same study indicated that the trypanosomes from Australian mammals are 
widespread and appear to be endemic to the continent (Averis et al. 2009). This point was 
demonstrated by the trypanosomes from the indigenous marsupials on Barrow Island, WA. 
Barrow Island is believed to have been isolated from mainland Australia about 7500 to 8000 
years ago (Dortch and Morse 1984). However, despite this lengthy physical separation, 
trypanosomes in marsupials from Barrow Island share a close genetic relationship with 
trypanosomes in marsupials from southern WA and from Victoria (Dortch and Morse 1984, 
Noyes et al. 1999, Averis et al. 2009, Botero et al. 2013).  
The third native trypanosome species from an Australian marsupial was taxonomically 
described in 2009 (Trypanosoma irwini) from koalas from Queensland and New South Wales 
(NSW) (McInnes et al. 2009) (Table 1.1). A year later and using species-specific PCR primers, 
these authors recognised that koalas could be infected with three different trypanosomes: 
T. irwini, T. copemani and the newly taxonomically described species, T. gilletti (McInnes et 
al. 2010) (Table1.1). Numerous mixed infections were identified, with a small proportion of 
koalas simultaneously infected with all three species (McInnes et al. 2011). Also a statistical 
association was identified between T. gilletti infections and the lower blood packed cell 
volumes and body condition scores of koalas with signs of concurrent diseases, such as 
chlamydiosis, bone marrow disease or koala AIDS (McInnes et al. 2011). Trypanosoma 
gilletti was the fourth native trypanosome formally described from Australian marsupials, 
 
P a g e  | 11 
and remains the only species of Trypanosoma from an Australian terrestrial and arboreal 
mammal without a holotype or morphological description (McInnes et al. 2010).  
Also in 2011, twelve different species of marsupials, four for the first time, were screened 
for trypanosomes in WA (Paparini et al. 2011) (Table 1.1). No new host species were 
identified in this study (Smith et al. 2008, Averis et al. 2009, Paparini et al. 2011). The brush-
tailed possums examined were infected with T. sp. H25, while the woylies were infected 
with an unidentified trypanosome species (Paparini et al. 2011). 
During 2013, ten different species of Western Australian marsupials were screened for 
trypanosomes using species-specific PCR primers, with two host species examined for the 
first time (Botero et al. 2013) (Table 1.1). All ten species were positive to trypanosomes, 
with trypanosome infections recorded for the first time from the tiger quoll (Dasyurus 
maculatus), banded hare-wallaby (Lagostrophus fasciatus), tammar wallaby (Macropus 
eugenii) and western grey kangaroo (Macropus fuliginosus) (Botero et al. 2013). This same 
study also discovered that the mammalian life cycle of T. copemani transitions through an 
intracellular stage, with the amastigotes associated with tissue degeneration of the smooth 
and cardiac muscles of infected woylies (Botero et al. 2013). This intracellular stage (which 
has also been identified from the related Trypanosoma caninum (Madeira et al. 2009, 
Hamilton et al. 2012)) is unusual for other Trypanosoma species apart from the unrelated T. 
cruzi, and some bat trypanosomes related to T. cruzi (Oliveira et al. 2009). 
In addition to the koala, which is host to T. irwini, T. gilletti and T. copemani, the woylie can 
likewise be infected with three different trypanosomes: Trypanosoma Clade B, T. copemani 
and T. sp. H25 (Botero et al. 2013). The southern brown bandicoot (host to T. copemani and 
Trypanosoma Clade B) (McInnes et al. 2010, Botero et al. 2013) and the brush-tailed possum 
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(host to T. copemani and T. sp. H25) (Paparini et al. 2011, Botero et al. 2013) are the only 
other marsupials with multiple species infections with native trypanosomes. 
The known geographical range of Trypanosoma Clade B currently includes WA and NSW and 
its host range includes the woylie, western grey kangaroo, southern brown bandicoot, 
tammar wallaby and western quoll (Averis et al. 2009, Paparini et al. 2011, Botero et al. 
2013) (Figure 1.3B). The known geographical range of T. sp. H25 currently includes WA and 
Victoria and its host range includes the eastern grey kangaroo, woylie, brush-tailed possum, 
burrowing bettong and banded-hare wallaby (Noyes et al. 1999, Paparini et al. 2011, Botero 
et al. 2013) (Figure 1.3C). 
The known geographical range of T. copemani is the most extensive of the native Australian 
trypanosomes recorded to date. It currently includes Queensland, NSW, Victoria and WA, 
and infects the common wombat (originally labelled T. sp. H26 in 1999), woylie, Gilbert’s 
potoroo, quokka, koala, brush-tailed possum, southern brown bandicoot and tiger quoll 
(Noyes et al. 1999, Clark and Spencer 2006, Smith et al. 2008, Austen et al. 2009, McInnes et 
al. 2010, McInnes et al. 2011, Botero et al. 2013) (Figure 1.3D). It is interesting to note that 
the trypanosomes observed from the Tasmanian Isoodon obesulus in 1998 could have been 
T. copemani since T. copemani is known to infect the Western Australian I. obesulus (Botero 
et al. 2013). If this is the case, then the geographical range of T. copemani would be 
extended to include Tasmania (Figure 1.3D). 
In total, four native trypanosome species (T. thylacis, T. copemani, T. irwini and T. gilletti) 
have been formally described from Australian marsupials. Host specificity and geographic 
range of each parasite vary, with T. copemani identified in multiple host species. As Figure 
1.3 illustrates, Australian trypanosomes have largely been identified from hosts that were 
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sampled relatively close to the coast line of the Australia. These are not comprehensive 
geographical ranges of Australian trypanosomes. As more mammals are sampled from 
inland habitats and from other states and territories (such as South Australia and Northern 
Territory), both the host and geographic ranges of these (and other) trypanosomes are likely 
to increase. 
 
1.2.5 Trypanosomes of indigenous Australian rodents 
To date, only 14% of the Australian native rodent species have been examined for 
trypanosomes. The first trypanosome identified from a rodent in Australia was by Thomas L. 
Bancroft in 1888, when he reported the exotic T. lewisi from an introduced Rattus sp. 
(Johnston 1916, Mackerras 1958a). Seventy years later, the first indigenous Australian 
rodents were screened for trypanosomes by Josephine Mackerras (Mackerras 1958b). 
Trypanosoma lewisi was morphologically identified from the bush rat / allied rat (Rattus 
fuscipes) (nomenclature of 1958: R. assimilis) in southern Queensland (Mackerras 1958b, 
1959), and from the water rat (Hydromys chrysogaster) in northern Queensland (Mackerras 
1959). Three other native rodent species were screened for trypanosomes during this study, 
but all were uninfected (Mackerras 1959) (Table 1.1). 
Six different species of indigenous rodents were examined using PCR-based screening in 
2009, with four species examined for the first time (Averis et al. 2009) (Table 1.1). Three 
host species were infected with trypanosomes, including the Shark Bay mouse (Pseudomys 
fieldi), which was infected with an unidentified trypanosome, the ash-grey mouse (P. 
albocinereus), which was infected with an isolate of Trypanosoma genetically similar to T. 
lewisi, and the bush rat, infected with both an isolate of Trypanosoma genetically similar to 
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T. lewisi and T. sp. H25 (Averis et al. 2009). These findings of T. sp. H25 from the bush rat, 
the unidentified trypanosome from the Shark Bay mouse and possibly the T. lewisi-like 
parasite from the ash-grey mouse are the only published reports of native trypanosomes 
infecting indigenous Australian rodents.  
 
1.2.6 Trypanosomes of indigenous Australian bats 
Of the 76 bat species indigenous to Australia, only 12% have been screened for 
trypanosomes. The first trypanosome identified from an indigenous Australian bat was 
reported 46 years before T. thylacis, making it the very first native trypanosome identified 
from an Australian mammal (Johnston 1916, Mackerras 1959). This trypanosome was 
taxonomically described by Anton Breinl in 1913 and named Trypanosoma pteropi from the 
Gould’s or Black flying fox (Pteropus alecto) (nomenclature of 1913: P. gouldii) (Johnston 
1916).  
The next trypanosome identified from an indigenous Australian bat was in 1959 by 
Josephine Mackerras, when she examined nine different bat species; eight of which were 
investigated for the first time (Mackerras 1959) (Table 1.1). Of these, only the dusky 
horseshoe-bat or dusky leaf-nosed bat (Hipposideros ater) (nomenclature of 1913: H. bicolor 
albanensis) was infected with trypanosomes (Mackerras 1959). This newly identified 
trypanosome was taxonomically described, Trypanosoma hipposideri (Mackerras 1959). As 
further species of bats are screened for trypanosomes, evidence in support of the ‘bat 
seeding’ hypothesis may emerge in Australia, with these arboreal trypanosomes species 
potentially being evolutionary precursors for the terrestrial trypanosome lineage (such as T. 
sp. H25) within Australian mammals (Hamilton et al. 2012, Lima et al. 2013).  
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1.2.7 Trypanosomes of indigenous Australian monotremes 
There are only two monotremes indigenous to Australia: the platypus (Ornithorhynchus 
anatinus) and the short-beaked echidna (Tachyglossus aculeatus) (Van Dyck and Strahan 
2008). Both of these hosts have been examined for trypanosomes (Table 1.1).  
The first record of a trypanosome from an Australian monotreme was in 1933, when William 
J. Owen presented his observations from a platypus to the Royal Society of Australia in 
Canberra (Mackerras 1959). In 1950, Campbell A. Duncan reported to the Royal Society of 
Tasmania about another trypanosome identified from a Tasmanian platypus; this 
trypanosome was later taxonomically described by Josephine Mackerras and named 
Trypanosoma binneyi in 1959 (Mackerras 1959). Josephine Mackerras noted in 1959 that 
the trypanosomes identified by Owen in 1933 appeared distinct and may not be T. binneyi 
(Mackerras 1959).  
In 1999, a single Victorian platypus was screened for trypanosomes using morphological and 
molecular techniques; it was found to be infected with T. binneyi (Noyes et al. 1999). The 
Victorian and Tasmanian platypus has since been re-examined, each time testing positive for 
T. binneyi (Jakes et al. 2001, Hamilton et al. 2004, Hamilton et al. 2005a).  
In 1999, two short-beaked echidnas were screened for trypanosomes using molecular 
techniques; both were uninfected (Noyes et al. 1999). As the short-beaked echidna is 
vulnerable to experimental infection with T. cruzi (Backhouse and Bolliger 1951), further 
investigation is required to conclude whether they are susceptible to native Australian 
trypanosomes.  
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Figure 1.3  Geographical locations of trypanosomes identified from Australian indigenous 
mammals- (A) all Trypanosoma spp., (B) Trypanosoma Clade B only, (C) Trypanosoma sp. 
H25 only, (D) Trypanosoma copemani only (cross (x) = the possible identification from 
Tasmania in 1998) and (E) Trypanosoma lewisi only (circle (o) = records from indigenous 
mammals and asterisk (*) = records from introduced mammals) 
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Table 1.1  Indigenous Australian mammals screened for trypanosomes, number of 
individuals examined and number of positive infections (* indicates a positive 
trypanosome reference) 
 









TRYPANOSOMA SPECIES REFERENCE 
  
Marsupial 
     
Kowari Dasyuroides byrnei 7 0  D 
Eastern quoll Dasyurus viverrinus 58 0  D, K 
Northern brown bandicoot  Isoodon macrourus 82 12  T. thylacis B*, D* 
Long-nosed bandicoot Perameles nasuta 1 0  D 
Sugar glider Petaurus breviceps 6 0  D, K 
Squirrel glider Petaurus norfolcensis 5 0  D, K 
Common ringtail possum Pseudocheirus peregrinus 4 0  D, K 
Long-nosed potoroo Potorous tridactylus 3 0  D, F, K 
Eastern grey kangaroo Macropus giganteus 12 1 T. sp. H25 D, F*,J*, K 
Red kangaroo Macropus rufus 8 0  D, K, S 
Southern brown bandicoot  Isoodon obesulus >23 >9  Trypanosoma Clade B, T. copemani E*, S, T* 
Eastern barred bandicoot Perameles gunnii >7 >1  T. sp. E*, F 
Common wombat Vombatus ursinus 21 4  T. copemani F*, J*, K* 
Koala Phascolarctos cinereus 604 439  T. irwini, T. copemani, T. gilletti F, K, O*, Q*, R* 
Brush-tailed possum Trichosurus vulpecula 155 40^ + 17  T. cruzi^ + T. sp. H25, T. copemani A^,F, K, N*, S*, T* 
Parma wallaby Macropus parma 3 0  F, K 
Brush-tailed rock-wallaby Petrogale penicillata 2 1  T. sp. F, K* 
Swamp wallaby Wallabia bicolour 5 1  T. sp. F, J*, K* 
Bridled nail-tail wallaby Onychogalea fraenata 39 0  G 
Agile wallaby Macropus agilis 2 2^  T. evansi^ H^ 
Dusky antechinus Antechinus swainsonii 10 0  K 
Brush-tailed phascogale Phascogale tapoatafa 4 0  K 
Tasmanian devil Sarcophilus harrisii 4 0  K 
 Rufus bettong Aepyprymnus rufescens 2 0  K 
Red-necked wallaby Macropus rufogriseus 3 0  K 
Purple-necked rock-wallaby Petrogale purpureicollis 2 0  K 
Yellow-footed rock-wallaby Petrogale xanthopus 2 0  K 
Quokka Setonix brachyurus 22 10 T. copemani L*, P*, T* 
Gilbert’s potoroo Potorous gilbertii 8 8 T. copemani L*, P* 
Woylie Bettongia penicillata 1413 535  T. copemani, Trypanosoma Clade B,  
T. sp. H25 
M*, N*, S*, T* 
Western quoll Dasyurus geoffroii 62 3 Trypanosoma Clade B M*, N*, S, T* 
Dibbler Parantechinus apicalis 2 1 T. sp. N* 
Common planigale Planigale maculata 6 1 T. sp. N* 
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Golden bandicoot Isoodon auratus 12 1 T. sp. N* 
Western barred bandicoot Perameles bougainville 11 0  N, S 
Greater bilby Macrotis lagotis 63 0  N, S 
Burrowing bettong Bettongia lesueur 86 7 T. sp., T. sp. H25 N*, S, T* 
Spectacled hare-wallaby Lagorchestes conspicillatus 3 0  N 
Banded hare-wallaby Lagostrophus fasciatus 10 1 T. sp. H25 N, T* 
Black-footed rock-wallaby Petrogale lateralis 10 0  N 
Western grey kangaroo Macropus fuliginosus 45 29 Trypanosoma Clade B S, T* 
Macropus sp.  Macropus sp. (likely robustus) 2 0  S 
Northern quoll Dasyurus hallucatus 6 0  S 
Western ringtail possum Pseudocheirus occidentalis 13 0  S 
Tiger quoll Dasyurus maculatus 30 17 T. copemani T* 
Tammar wallaby Macropus eugenii 7 3 Trypanosoma Clade B T* 
Rodent      
Water rat Hydromys chrysogaster 39 1 T. lewisi D*, K, N  
Grassland melomys Melomys burtoni 80 0  D 
Spinifex hopping mouse Notomys alexis 2 0  N 
Western chestnut mouse Pseudomys nanus 6 0  N 
Bush rat Rattus fuscipes 67 10 T. lewisi C*, D*, N* 
Dusky field rat Rattus sordidus ? 0  D 
Long-haired rat Rattus villosissimus ? 0  D 
Ash-grey mouse Pseudomys albocinereus 2 1 ≈ T. lewisi N* 
Shark Bay mouse Pseudomys fieldi 18 3 T. sp N* 
Bat      
Black flying fox Pteropus alecto >67 >1 T. pteropi C*, D* 
Spectacled flying fox Pteropus conspicillatus 41 0  D 
Grey-headed flying fox Pteropus poliocephalus >7 0  D 
Little red flying fox Pteropus scapulatus 13 0  D 
Dusky leaf-nosed bat Hipposideros ater 1 1 T. hipposideri D* 
Semon's leaf-nosed bat Hipposideros semoni 1 0  D 
Common bent-wing bat Miniopterus schreibersii  23 0  D 
Eastern long-eared bat Nyctophilus bifax  2 0  D 
Eastern forest bat Vespadelus pumilus  16 0  D 
Monotreme      
Platypus Ornithorhynchus anatinus >11 >6 T. binneyi B*, D*, F*, I*, J*, K* 
Short-beaked echidna Tachyglossus aculeatus 3 1^ T. cruzi^ A^, F 
 
References: A= Backhouse and Bolliger, 1951, B=Mackerras, 1958a, C=Mackerras, 1958b, D=Mackerras, 1959, E=Bettiol et al., 1998, F=Noyes et al., 1999, G=Turni 
and Smales, 2001, H=Reid et al., 2001, I=Jakes et al., 2001, J=Hamilton et al., 2004, K=Hamilton et al., 2005, L=Clark and Spencer, 2006, M=Smith et al., 2008, 
N=Averis et al., 2009, O=McInnes et al., 2009, P=Austen et al., 2009, Q=Mcinnes et al., 2010, R=McInnes et al., 2011, S=Paparini et al., 2011 & T=Botero et al., 2013,  
(^ = host experimentally infected with trypanosomes, ≈ = DNA isolate genetically similar to, * = positive host to trypanosomes)  
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1.2.8 Trypanosomes of introduced mammals 
Since European settlement, five exotic trypanosomes have been identified in Australia from 
the various introduced mammals. These include T. lewisi (introduced hosts: house mouse 
(Mus musculus), brown rat (Rattus norvegicus), and black rat (Rattus rattus)), Trypanosoma 
melophagium (introduced host: sheep (Ovis aries)), T. theileri (introduced host: cattle (Bos 
taurus)), Trypanosoma nabiasi (introduced host: European rabbit (Oryctolagus cuniculus)) 
and T. evansi (introduced host: camel (Camelus dromedarius)) (Johnston 1909, Mackerras 
1959, O'Donoghue and Adlard 2000, Hamilton et al. 2005b). A number of introduced 
mammals are also experimentally susceptible to infection with T. evansi, including the dog 
(Canis familiaris), guinea pig (Cavia porcellus), horse (Equus caballus) and black rat (R. 
rattus) (O'Donoghue and Adlard 2000). A single captive dingo from Healesville, Victoria has 
been examined for trypanosomes, but was uninfected (Noyes et al. 1999). However, despite 
this negative result, the dingo, like other canids, is considered to be potentially susceptible 
to infection with T. evansi, if this exotic trypanosome were to enter Australia (Reid et al. 
2001, Reid 2002).  
Since their introduction to Australia, T. lewisi, T. melophagium and T. theileri are each 
believed to have continental distributions (Mackerras 1959), while T. nabiasi has been 
identified only in NSW and Victoria during a single investigation (Hamilton et al. 2005b). 
Trypanosoma lewisi is the only exotic trypanosome that has been identified, 
morphologically, from indigenous Australia mammals (Mackerras 1959). It is interesting to 
note, that T. lewisi could have diverged since its introduction and adapted to other hosts, as 
indicated by the T. lewisi-like form from the ash-grey mouse (Averis et al. 2009); however, 
further research, using updated molecular techniques and larger gene sequences, is needed 
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to confirm this. If pathogenic to indigenous Australian animals, the exotic T. lewisi (and / or 
T. lewisi-like parasite) could have played a role during the fauna decline in Australia 
between 1875 and 1925 (Abbott 2006).  
Fortunately, the surra-infected camels that were imported into WA in 1907 were diagnosed 
quickly and T. evansi was eradicated from Australia before it was allowed to spread (Cleland 
1909, Mackerras 1959). If T. evansi had been allowed to establish, it too may also have had 
a continental distribution, with hypothetical hosts including both introduced and indigenous 
mammals of Australia (O'Donoghue and Adlard 2000, Reid et al. 2001, Reid 2002). To date, 
no native Australian trypanosomes have been identified from an introduced mammal; 
however, continued surveillance is required to investigate this further. 
 
1.2.9 Potential impact of trypanosome infections 
The emphasis of trypanosome surveillance in Australia has been on identifying new host 
records and new species of native trypanosomes. However, the recent association of 
trypanosomes with the woylie decline (Botero et al. 2013), koala health (McInnes et al. 
2011), and potential extinction of the native rats on Christmas Island (Pickering and Norris 
1996, Wyatt et al. 2008) demonstrates the need to continue investigations on the potential 
impact of these haemoparasites upon their hosts. The surveillance of trypanosomes from 
Australian wildlife will become of increasing importance, especially as more mammals 
become endangered and biosecurity concerns grow. However, it will be difficult to associate 
native trypanosomes with disease, especially when investigating endangered Australian 
mammals, as exceptional scientific justification and ethical treatment would be needed to 
translocate individuals from the wild, house them in purpose built enclosures, and 
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experimentally infect and cure them. These studies will also need to correlate the changes 
of animal health (from several different populations) with pathological results, such as 
molecular, clinical, haematopathology and histopathology. 
Since the identification of trypanosomes from the woylie in 2008, there has been ongoing 
research investigating the connection between these haemoparasites and the rapid decline 
of the host (Smith et al. 2008, Botero et al. 2013). In 2013, a possible correlation linking T. 
copemani, its intracellular amastigote stage and the histopathological changes to the 
smooth and cardiac muscles of infected woylies was identified (Botero et al. 2013). The 
inflammation and tissue degeneration observed was principally associated with the heart, 
skeletal muscle, oesophagus and tongue, with histopathological changes similar to those in 
human patients infected with Chagas disease (Botero et al. 2013). It is currently 
hypothesised that the chronic intracellular association of T. copemani with these vital 
organs could be responsible for an overall reduction in fitness and coordination of the 
woylie, making them more susceptible to predation or to other, as yet unidentified, 
stressors (Botero et al. 2013). However, the chronic effects of T. copemani upon the 
Gilbert’s potoroo, quokka, koala, the common wombat, southern brown bandicoot, the 
common brush-tailed possum and tiger quoll require investigation.  
In 1899, the shipping vessel “S.S. Hindustan” docked at Christmas Island and as its cargo of 
hay was offloaded, so too were its trypanosome-infected stowaways (Durham 1908, 
Pickering and Norris 1996). The animals unintentionally introduced on to the island were the 
black rat (R. rattus), its ectoparasitic fleas, and T. lewisi (Durham 1908, Wyatt et al. 2008). 
Over the next three years, the black rat successfully colonised the island while the Maclear's 
rat (R. macleari), an indigenous and nocturnal species of rodent, was frequently observed 
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during the day sick or dying (Durham 1908, Andrews 1909, Pickering and Norris 1996). 
When autopsied, the Maclear’s rats were found to be heavily infected with trypanosomes, 
which were morphologically similar to T. lewisi (Durham 1908). The spleen and superficial 
lymphatic glands of these rodents were also markedly enlarged (Durham 1908). In 1908, 
only eight to nine years after the arrival of R. rattus, the Maclear’s rat (once the most 
abundant mammal on Christmas Island) and the bulldog rat (R. nativitatis) (also an 
indigenous rodent species on the island) were both reported as extinct (Andrews 1909).  
It is believed that the introduction of T. lewisi on to the island was the causative factor 
responsible for the extinction of the Maclear’s and bulldog rats (Andrews 1909, Pickering 
and Norris 1996). A century after their extinction, molecular methodology was used on 
ancient DNA to test this hypothesis (Wyatt et al. 2008). This evidence suggested that native 
trypanosomes were absent from the indigenous rodents on Christmas Island prior to 
introduction of the black rat, and that after 1899 both the Maclear’s and bulldog rat were 
infected with T. lewisi (Wyatt et al. 2008). This well documented series of events provides 
strong evidence linking T. lewisi to the extinction of the Maclear's rat and possibly the 
bulldog rat on the Christmas Island. 
As evident from this review, one group of mammals warranting further attention are the 
rodents of Australia. Given the probable continental distribution of T. lewisi (Mackerras 
1959), its potential to infect other host species (such as Australian rodents (Mackerras 
1959)), monkeys (Maia da Silva et al. 2010) and humans (Johnson 1933, Howie et al. 2006, 
Kaur et al. 2007, Sarataphan et al. 2007, Doke and Kar 2011, Shah et al. 2011, Verma et al. 
2011, Truc et al. 2013)), and its postulated association with the extinction of native species 
(see above) and the death of a person in India (Doke and Kar 2011), what unreported impact 
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has T. lewisi had on the indigenous mammals of Australia? Also, is this Australian situation 
unique, or have similar wildlife declines occurred undetected on other continents? 
Trypanosomes have been demonstrated to vary in virulence when they encounter a new or 
naїve host species (Maraghi and Molyneux 1989, Wyatt et al. 2008, MacPhee and 
Greenwood 2013), with the exotic T. lewisi possibly playing a role during the fauna decline 
identified in Australia between 1875 and 1925 (Abbott 2006). However, to investigate this 
further, sensitive culturing techniques and better molecular methodology are required to 
target T. lewisi and document its distribution and host range in Australia. 
Ongoing surveillance is required to monitor the potential biosecurity concerns of exotic 
trypanosomes becoming established in Australian mammals. For example, in 1951, forty 
brush-tailed possums and a single short-beaked echidna were experimentally infected with 
T. cruzi, with each individual succumbing to infection; the majority of individuals died 
between 21-35 days after inoculation (Backhouse and Bolliger 1951). Given the number of 
host species of T. sp H25, its potential continental distribution (and therefore potential 
continental distribution of its vector), and its genetic relationship with T. cruzi (Figure 1.2), 
there is a possibility that the vector of T. sp. H25 could transmit T. cruzi from humans (of 
which there were an estimated 1400 to 3000 human cases in Australia in 2006 (Gascon et al. 
2010, Schmunis and Yadon 2010)) to indigenous Australian mammals. This may occur in 
much the same way that an unusual vectorial candidate (day-feeding midge) has been 
incriminated with the transmission of Leishmania to the Australia red kangaroo (Dougall et 
al. 2011).  
From a biosecurity viewpoint, the transmission of native Australian trypanosomes is another 
issue that requires urgent attention, as very little is known about their life cycle, vectors 
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(including cyclical and mechanical vectors) and transmission dynamics (stercorarian vs. 
salivarian). Of the few published reports of the screening of Australian invertebrates for 
trypanosomes, unidentified trypanosomes have been observed within the gut contents of 
ticks (Mackerras 1959) and from the crop of a Haemadipsidae leech (Richardson and Hunt 
1968). Unidentified trypanosomes (related, but not identical to those from the swamp 
wallaby and brush-tailed rock wallaby) were isolated from terrestrial leeches (Micobdella sp. 
and Philaemon sp.) (Hamilton et al. 2005a) and T. copemani has been observed in the 
midgut and faeces of Ixodes ticks (Ixodes australiensis) (Austen et al. 2011). To date, there 
have been no published reports of experimental transmission demonstrating the complete 
life cycle of Australian trypanosomes. Therefore, it is very difficult to assess the potential 
biosecurity risk without knowing what transmits native Australian trypanosomes (Backhouse 
and Bolliger 1951, Reid et al. 2001, Dougall et al. 2011). From phylogenetic analyses it is 
possible to suggest vectorial candidates; however, further work is required as the 
association between vectors and Trypanosoma clades are never strict. 
 
1.2.10 Conclusion 
This review shows that a total of 66 indigenous Australian mammal species have been 
screened for trypanosomes, including 46 of the 162 marsupial species (28%), 9 of the 66 
rodent species (14%), 9 of the 76 bat species (12%) and both of the monotreme species 
(100%). Of the mammals screened, 28 species had trypanosome infections. A total of seven 
trypanosome species have been taxonomically described from indigenous Australian 
mammals; these include T. pteropi (1913), T. thylacis (1959), T. hipposideri (1959), T. binneyi 
(1959), T. irwini (2009), T. copemani (2009) and T. gilletti (2010). Others trypanosomes have 
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been investigated, morphologically and molecularly, but not formally named. Judging by the 
number of recent discoveries, this is unlikely to be an exhaustive list of native trypanosome 
species in Australia and future surveillance is required, targeting the marsupials, rodents 
and bats. Of the seven native trypanosome species formally described, only T. copemani has 
been identified in multiple hosts, with the chronic effects of infections being associated with 
the woylie decline. The host range of T. copemani includes the woylie (B. penicillata), 
Gilbert’s potoroo (P. gilbertii), quokka (S. brachyurus), koala (P. cinereus), the common 
wombat (V. ursinus), southern brown bandicoot (I. obesulus), the common brush-tailed 
possum (T. vulpecula) and tiger quoll (D. maculatus). Various exotic trypanosomes have 
been identified in Australia, including T. lewisi, T. melophagium, T. theileri, T. nabiasi and T. 
evansi. Of these, only T. lewisi has been identified, morphologically, from indigenous 
Australian rodents. However, it is difficult to assess the biosecurity risks these exotic 
trypanosomes pose without knowing more about the vectors of the Australian 
trypanosomes. For example, T. evansi appears a high risk exotic trypanosome due to its non-
specific vectorial requirements (with various biting flies capable of transmission), whereas 
with T. cruzi, we can only make educated guesses. Also, research focusing on whether T. 
lewisi (and / or T. lewisi-like parasites) are being perpetuated in the native mammals of 
Australia urgently requires attention. Due to the large number of Australian mammals that 
are at potential risk, this review highlights the need to continue the surveillance of wildlife, 
to initiate more intensive surveillance of invertebrate vectorial candidates, and monitor 
biosecurity concerns.
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1.3 The brush-tailed bettong in Western Australia 
1.3.1 Taxonomic classification 
Kingdom:  Animalia  
Phylum:  Chordata  
Class:   Mammalia  
Infraclass:  Marsupialia   (Marsupials) 
Order:  Diprotodontia 
Suborder: Macropodiformes  (Macropods) 
Family:  Potoroidae   (Potoroids) 
Genus:  Bettongia  
Species:  penicillata  (Woylie) 
 
 
1.3.2 The potoroids 
The brush-tailed bettong (Bettongia penicillata) (Figure 1.4) is taxonomically placed within 
the family Potoroidae (Meredith et al. 2009). Collectively the potoroids are known as 
Potoroos, Rat-Kangaroos and Bettongs, and are all native only to Australia (Van Dyck and 
Strahan 2008). In general, potoroids are small compact animals (being smaller than 3,500 
grams), mostly nocturnal, with a somewhat downward turning prehensile tail and forage for 
hypogeous fungi, succulent bulbs and tubers, as well as seeds, insects and insect larvae 
(Short 1998, Claridge et al. 2007, Van Dyck and Strahan 2008, Richardson 2012). They rarely 
drink water (Richardson 2012), however have been observed drinking when a water source 
is available. Their preferred habitats are largely open forests, woodlands and scrublands in 
the southern half of Australia (Johnson and McIlwee 1997). 
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Figure 1.4  The brush-tailed bettong- (A) adult and (B) dependent pouch young 
 
Historically, the family of Potoroidae encompassed eleven different species (Claridge et al. 
2007, Australasian-Mammal-Assessment-Workshop 2008) (Table 1.2). However, since 
European settlement in 1788, three species have become extinct (the desert rat-kangaroo, 
broad-faced potoroo and Nullarbor dwarf bettong), two species represent 100% of the 
critically endangered macropods in Australia (brush-tailed bettong and Gilbert’s potoroo), 
two are on a list of five endangered Australian macropods (northern bettong and long-
footed potoroo) and two are on a list of eleven near-threatened Australian macropods 
(burrowing bettong and Tasmanian bettong). It is safe to say that the potoroids have not 
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1.3.3 History of the woylie 
The brush-tailed bettong is known locally as the woylie, with the origin of this word 
borrowed from the Nyungar language of the Perth / Albany region - walyu (Dixon et al. 
2006). Adult woylies grow to approximately 1,000 – 1,600 g in weight and 530 – 740 mm in 
length (nose to tail-tip), can breed continuously, have a short oestrous cycle (≈ 21 – 22 days) 
and short gestation period (≈ 21 days) (Smith 1992, Smith 1996, Vernes and Pope 2002, 
Groom 2010, Richardson 2012). The pouch life of their young is between 90 – 110 days, with 
Common Name Species Red List Category - 
2008 
Historical Red List 
Categories 
Population Trends Reference 








Potorous longipes Endangered  Endangered (1996, 
1994)Indeterminate 
(1990, 1988, 1986, 
1982) 
Unknown (McKnight 2008) 
Broad-faced 
Potoroo  
Potorous platyops Extinct Extinct (1996, 1994, 










Least Concern  Least Concern (1996) Decreasing (Menkhorst and 
Lunney 2008) 
Rufous Bettong  Aepyprymnus 
rufescens 






Extinct  Extinct (1996, 1994) 
Indeterminate (1990, 





Northern Bettong  Bettongia tropica Endangered  Endangered (1996, 
1994) 




Bettongia pusilla Extinct  Extinct (Burbidge 2008) 
Tasmanian 
Bettong  






Bettongia lesueur Near Threatened  Vulnerable (1996), 
Endangered (1994) 
Rare (1990, 1988, 
1986, 1982) 




Bettongia penicillata Critically 
Endangered  
Lower Risk (1996), 
Endangered (1994, 
1990,1988,1986,1982) 
Decreasing (Wayne et al. 
2008) 
Source of information: The IUCN Red List of Threatened Species – www.iucnredlist.org 
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sexually maturity reached at approximately 170-180 days of age (Christensen 1995, De 
Tores and Start 2008, Richardson 2012). Woylies have a home range of approximately 15 – 
43 ha and are an active part of the overall health of the forests; while foraging for food, 
their digging provided an important ecological role, with the turnover of soil and dispersal of 
plant communities (Pizzuto et al. 2007, Groom 2010, Richardson 2012).  
At the time of European settlement, woylies were distributed over most of southern 
mainland Australia, including the arid and semiarid lands of Western Australia (WA), the 
Northern Territory, South Australia (SA), New South Wales (NSW) and Victoria (De Tores and 
Start 2008, Wayne 2008, Groom 2010). Up until the early 1900’s, the number of woylies 
were so plentiful that they were considered undesirable and regarded as a destructive 
element to crops and domestic gardens; the eradication of this species was encouraged 
(Johnson 2006, Claridge et al. 2007).  
 
Quote from: Farm and Garden (14th July, 1859) from an enquirer near Templers, about 50km 
north of Adelaide SA enquiring about the abundant woylies:  
“I want to ask through the Farm and Garden if any of the farmers of South Australia are 
troubled with Kangaroo Rats, and if they are, the best remedy for destroying these 
destructive creatures? Shooting is too slow and expensive, sulphur is of no mortal use, 
drowning is useless, burning chaff is no better, and poison I dare not!” 
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Attempts to eradicate this species included the intentional introduction of cats onto Saint 
Francis Island in the Great Australian Bight, and the trade of rat-kangaroos (including the 
woylie) in the city of Adelaide, SA for coursing on Sundays (Johnson 2006, Claridge et al. 
2007). In NSW bounties were offered for potoroids (which included the woylie), with nearly 
3 million potoroids killed for economic gain between 1880 and 1920 (Short 1998). In WA the 
historically decline of the woylie was reportedly influenced by poisoning programs, 
agricultural clearing, grazing of domestic animals, and introduced foreign predators, such as 
the fox (Vulpes vulpes) and cat (Felis catus) (Short 1998, Abbott 2006, Abbott 2008).  
The continued persecution by humans, along with other negative impacts greatly reduced 
the abundance of the woylies, and by the 1970’s they occupied only a fraction of their 
former range (Lomolino and Channell 1995). The woylie became confined to three locations 
in WA; Dryandra Woodland, Tutanning Nature Reserve and two neighbouring populations 
located in the Upper Warren region (Perup and Kingston populations) (Claridge et al. 2007, 
De Tores and Start 2008, Wayne 2008, Groom 2010, Pacioni et al. 2011, Richardson 2012) 
(Figure 1.5).  
 
 
P a g e  | 31 
 
 
Figure 1.5  Remaining natural populations of woylies in Western Australia 
 
Being confined to nature reserves, national parks and state forests the species had 
weathered the negative impact of humans; however the threat of foreign predators 
persisted. Control measures (sodium fluoroacetate (1080) baiting; a naturally derived poison 
that native Western Australian animals have evolved a tolerance to (King et al. 1981)) were 
initiated in the 1980’s to reduce fox and feral cat numbers; in doing so, woylie numbers 
began to recover (Claridge et al. 2007). In 1996, the woylie became the first Australian 
mammal to have its conservation status downgraded from ‘Endangered’ to ‘Low Risk / 
Conservation Dependent’ (IUCN Red List) (Claridge et al. 2007, Wayne 2008).  
However, soon after this success, the woylie populations began to decline for a second time, 
with this downward population trend continuing to the present day. At a species level, the 
woylie has declined by about 90% since 1999 (Wayne et al. 2013a). The two largest 
indigenous populations (Perup and Kingston population) have declined by 95% since 2002 to 
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approximately 8,000 individuals in total (Wayne et al. 2013a). The indigenous population at 
Tutanning Nature Reserve is believed to be locally extinct (Wayne et al. 2013a, Wayne et al. 
2013b). As a consequence of these declines, the woylie is currently recognised as the second 
most threatened macropod in Australia (with the Gilbert’s potoroo being the most 
threatened) (Richardson 2012).  
 
1.3.4 Factors influencing the decline 
As part of ongoing research to understand these downward population trends of the woylie, 
it is generally acknowledged that predation by foxes and cats is the most likely primary 
cause; however, it does not appear to be an exclusive influence (Wayne et al. 2011). A 
secondary agent is suspected. As the woylie is a conservation dependent species, 1080 
baiting of exotic predators has been continuous since the 1980’s, to which the woylie has 
already responded positively. Also, there are spatial and temporal anomalies in the recent 
patterns of the woylie decline that cannot be answered by predation alone.  
The first anomaly is a radiating pattern of woylie decline within the Perup population; from 
an almost point source, amidst a long established population of foxes and cats (Wayne et al. 
2011). The second was between two neighbouring transects. The first transect declined to 
very low numbers, while the second transect, which was only 4 kilometres away, remained 
at a high and increasing abundance for an additional two years (Wayne et al. 2011). It is 
difficult to explain why predators would concentrate their efforts from a point source, 
eliminating the last few woylies from an area, while in an adjacent area within their home 
range, woylies increase in abundance. 
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There are many secondary factors that could have worked in union with predation to 
threaten the survival of the woylie, including climate change, fire and habitat clearing and / 
or alteration (Claridge et al. 2007, De Tores and Start 2008, Richardson 2012). However, due 
to the nature of the observed anomalies, the leading hypothesis is that the secondary agent 
was disease, which reduced woylie fitness and increased their vulnerability to predation 
(Wayne et al. 2011). This cryptic disease could either have been recently introduced, or has 
recently increased in virulence due to elevated stress experienced by the woylie.  
One prospective disease agent is the trypanosome, as identified from the declining UWR 
woylies in 2008 (Smith et al. 2008). These woylies are known to be infected with three 
different trypanosomes, including Trypanosoma copemani, Trypanosoma Clade B and T. sp. 
H25 (Botero et al. 2013). As highlighted in the previous chapter, trypanosomes have a 
known association with disease, death and extinction of native host species and are a likely 
disease candidate. It remains to be investigated whether these three different 
trypanosomes are individually or collectively affecting the acute and/or chronic survival of 
the woylie. 
 
1.4 Aims of the investigation 
The aim of this research is to provide a better understanding of the role that trypanosomes 
have had during the recent decline of the critically endangered woylie. As demonstrated 
previously, we know very little about the diversity, distribution, transmission and 
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pathogenicity of native Australian trypanosomes and whether they have had historical 
influences on population declines of mammals in Australia.  
 In addition to the monthly health checks of a captive woylie colony, CHAPTER THREE details 
the survival, age estimation and sexual maturity for woylie pouch young. CHAPTER FOUR 
details the taxonomic description of a new trypanosome species from the woylie, as well as 
morphological polymorphism of Trypanosoma copemani. CHAPTER FIVE details the 
temporal and spatial dynamics of trypanosomes infecting the woylie, both from indigenous 
populations and captivity colonies; while CHAPTER SIX details a preliminary study to 
investigate the potential vectors responsible for transmitting the three different 
trypanosomes to uninfected woylies. CHAPTER SEVEN reviews these discoveries and 
highlights their significance. 
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Chapter 2 – Materials and methods 
(Please note: the research chapter of this thesis have been formatted for publication. The 
following chapter, Material and methods, contains a combination of information from the 
following published and unpublished research chapters). 
 
2.1 Sample collection and preparation 
2.1.1 Woylie trapping at all locations 
Sheffield traps were used to capture woylies from five locations in Western Australia (WA) 
(Figure 2.1). Traps were baited with a mixture of rolled oats, peanut butter and sardines and 
were set prior to dusk and checked at first light the following morning. The first study 
location was at Native Animal Rescue (NAR), where 16 woylies (Generation -Zero (G0)) were 
sampled monthly (23 separate times) between March 2010 and February 2013 (using data 
sheet Appendix 1). NAR is managed by the Fauna Rehabilitation Foundation, where a 
predator proof enclosure (110m x 70m) has been purpose-built to house 16 woylies (Figure 
2.2).  
The NAR colony was stocked with four adult male and four adult female woylies from the 
Kingston indigenous population (KP) and Perup indigenous population (PP) during 
November and December 2010 (each naturally infected with trypanosomes (using 
microscopy technique described below in Section 2.3.2)), and with an additional four adult 
male and four adult female woylies transferred three months later from Roleystone (each 
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PCR negative to trypanosomes at the time of transfer (using PCR methods described 
below)). Equal numbers of woylies were placed into each of the four pens, so that each pen 
housed one of each gender from both source populations. Each of the G0 woylies had a 
unique ear tag number to enable identification upon capture. Food was provided each 
evening and composed of kangaroo pallets, leafy greens and a selection of apple, kiwi fruit, 
cheese, mushrooms, banana and corn. During the evening there were opportunities for the 
woylies to forage; water was available ad libitum. 
The next two trapping locations were the KP and PP within the Upper Warren region (UWR). 
The UWR is predominantly publicly-owned conservation estate and state forest, managed 
by the Department of Parks and Wildlife (DPaW), and supports the largest wild woylie 
population and two of the four indigenous genetically distinct subpopulations extant at the 
time (Pacioni et al. 2011). Both indigenous populations were sampled on six separate 
occasions each between October 2010 and April 2012; woylies caught during the second 
trapping session at both locations were used to stock the newly constructed Perup 
Sanctuary (PS) (details below). Sequential sampling of woylies within the PS (the forth 
location) was conducted four additional occasions between February 2011 and April 2012.  
The final location was at Karakamia Wildlife Sanctuary (KWS), with woylies sampled on five 
separate occasions between September 2010 and February 2012. KWS is managed by 
Australian Wildlife Conservancy, where a predator proof fence has been constructed for 
native Western Australian endangered mammals. Estimated and known stocking sizes of 
each population are presented in Table 2.1.  
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Figure 2.1  Sample locations in Western Australia- where ‘bold’ denotes an indigenous 
population and italics denotes an enclosed population 
 
Figure 2.2  Woylie enclosure at NAR- (A) entrance, (B) feed station within a pen, (C) fence 
line and (D) internal fence 
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Table 2.1  Estimated and known stocking sizes of the five populations sampled 
 
Study Populations Estimated / Stocking size 
Kingston Population (KP) Collectively, an estimated 8300 woylies in 
these two neighbouring populations* Perup Population (PP) 
Perup Sanctuary (PS) Stocked 41 woylies 
Karakamia Wildlife Sanctuary (KWS) Estimated 500 woylies * 
Native Animal Rescue (NAR) Stocked 16 Woylies 
* Source (Wayne et al. 2013a) 
 
2.1.2 Woylie reproductive checks at NAR 
After removing the woylie from the Sheffield trap at NAR, the pouch of adult female woylies 
were inspected and recorded whether the pouch was unoccupied or occupied by a 
dependent young. For an unoccupied pouch, the presence of an engorged and expressing 
nipple was recorded, as this was indicative of a young at foot within the pen that was not 
caught. When a pouch young (PY) was present and remained within the pouch throughout 
examination, the crown-rump (CR) distance was measured; PY were not physically removed 
from the pouch. PY weight (WG), sex, head length (HL) and mean long pes length (PL) were 
collected from ejected PY, young at foot and independent sub-adults. The PL measurement 
was the average from the heel of both feet to the end of the fourth digit, excluding the 
toenail. All length measurements (millimetres), weights (grams) and sexing of PY were 
completed by the author, thus eliminating inter-observer error as a variable. For future 
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identification purposes, ear tags were applied to all Generation-One (G1) woylies born at 
NAR once they were no longer restricted to the pouch. 
In the event of pouch ejection, the PY was replaced back into the pouch once measured and 
secured in place with two 100 x 100mm strips of Fixomull tape (BSN Medical). After 
examination (and sample collection below), all G0 adult woylies and their dependent young 
were released back into their original pen at NAR; none of the dependent PY were left 
behind after release and retreat of the adult females. Once independent of their mothers, 
all G1 woylies were translocated to other enclosures around WA and were no longer part of 
this study.  
 
2.1.3 Woylie blood and ectoparasite collection at all locations 
Individual woylies were identified by either ear tags or a Permanent Integrated Transponder 
(PIT) number to ensure that blood and ectoparasites were only collected once per trapping 
session. Using a 25G x 5/8” needle and 1ml syringe, a total of 400 µl of blood was collected 
from the lateral caudal vein of each woylie. Of this sample, 300 µl was placed into a 
MiniCollect 1ml EDTA tube (Greiner bio-one, Germany), agitated to prevent clotting and 
kept at 4oC for DNA extraction and PCR. Using the remaining blood, multiple thin blood 
smears were made from each woylie sampled. Wet mounted slides were also made during 
the February 2012 sampling at KWS.  
Ticks were physically removed from the skin of the woylie using fine forceps; lice and fleas 
were collected from the fur using a fine tooth comb. All of the ectoparasites collected were 
stored in 70% alcohol. After blood and ectoparasite collection, all woylies were released at 
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the point of capture, except for 54 woylies captured in the UWR during November and 
December 2010.  
Of these 54 woylies from the UWR, 41 woylies (9 KP and 32 PP woylies) were translocated 
to PS and were the founding individuals within this enclosure. Five (2 KP and 3 PP woylies) 
were translocated to the Perth Zoo as part of an unrelated project. The remaining eight 
individuals (4 KP and 4 PP woylies) were translocated to NAR.  
In addition to the founding woylies at PS and NAR, ‘second-generation’ sub-adult woylies 
born within the enclosures were also sampled. Twenty-nine second-generation woylies 
were tested at PS, with an additional 29 tested at NAR. All of the second-generation woylies 
at NAR were relocated once they were independent of their mother. 
On a single occasion at NAR, an injured woylie originating from the PP was captured. This 
animal had lost significant body mass and was euthanized following examination by 
qualified veterinary staff and tissues were collected during autopsy. The tissue samples 
were taken from near the center of each organ and were thoroughly washed with 70% 
ethanol to remove all peripheral blood before being stored in 70% ethanol. 
 
2.1.4 Haematophagous insect collection 
Haematophagous insects were collected from KWS and the KP between September 2010 
and July 2011. Insects were caught using both a Marris style Malaise and Nzi trap (Figure 
2.3); both traps were baited with octenol lures, and the collection pot contained 70% 
alcohol. All of the insects caught were stored in 70% alcohol. 
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Figure 2.3  Traps used to collect haematophagous insects- (A) Marris style Malaise trap and 
(B) Nzi trap  
 
2.2 Age estimation and sexual maturity for woylies pouch 
young 
2.2.1 Estimating date of parturition for woylies at NAR 
Estimated dates of parturition were calculated for each of the PY, as none was observed first 
hand. The first step of this process was to identify individual PY whose initial CR 
measurement was between 7 – 10 mm. Each of these individuals were then assigned a 
parturition date (Equation (1) (Johnson and Delean 2001)), with the assumption that the PY 
CR and HL are similar for both the woylie and northern bettong (B. tropica) during this very 
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early stage of development. Error associated with these estimates was ± 3 days (Johnson 
and Delean 2001).  
From these select individuals, an analysis of their CR measurements and days post partum 
was used to calculate an estimated date of parturition for CR measurements between 7 and 
40 mm. These estimated ages were then used to assign a date of parturition for the 
remaining PY identified in this study, by using their initial CR measurement.  
 
2.2.2 Analysis of PY age at NAR 
Once an approximate parturition date was assigned to each the PY, their age was analysed 
with regards to CR size, WG, PL, and HL. The duration of pouch life and time until sexual 
maturity of G1 females was also analysed. 
The sex ratio of the PY born within the enclosure was compared to the theoretical 1:1 sex 
ration using a Chi-Squared test. A linear mixed-effects model was used to analysis of age of 
the PY with relation to CR size, holding PY identification as a random factor; upper and lower 
95% confidence intervals were generated by the same model. A non-linear mixed effects 
model (NLME) was used to analyse age with relation to the WG, PL, and HL measurements, 
holding PY identification and either WG, PL, or HL as fixed factors; upper and lower 95% 
confidence intervals were generated by the same model. All of the analysis of PY age were 
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2.3 Trypanosome morphology 
2.3.1 Fluorescence in situ Hybridisation (FISH) and staining 
Using Trypanosoma Clade B internal forward primer sequence (TVIF *5’- GAC CAA AAA CGT 
GCA CGT G -3’+) (Botero et al. 2013), a commercially synthesised probe was manufactured 
that bound an AlexaFluor350 label at the 5’ end (BioSynthesis, Texas, USA). The 
AlexaFluro350 label excites at 350 nm and emits at 442 nm. 
The FISH protocol used in this study was modified from that developed by Li (Li 2012) and 
was conducted within 24 hours of blood collection. After application of a 125 µl Frame-Seal 
Incubation Chamber (Bio-Rad, California, USA) to the dried blood slide, cells within the 
chamber were fixed with 120 µl of 4oC fixative buffer (88 µl of 95% ethanol, 20 µl of 
deionised H20 and 12 µl of 25x SET buffer [3.75 M NaCl, 25 mM EDTA, 0.5 M Tris HCl @ pH 
7.8]). The buffer was left to incubate at 4oC for 40 minutes. The fixative buffer was then 
drained from the chamber using filter paper and washed with PBS (950 ml of distilled H2O, 
and 50 ml of 20x PBS stock solution [160.0 g/L of NaCl, 24.2 g/L of KH2PO4 and 6.8g/L of 
K2HPO4]). After drying the slide in an incubation oven at 58
oC for 15 minutes, the cells within 
the chamber were dehydrated using 50%, 80% and 96% ethanol steps for a period of 90 
seconds each, after which, the slide was allowed to air dry. 
The remaining steps of the FISH protocol were conducted in a darkened room. To the slide 
chamber, 125 µl of hybridisation mix (2 µl of TVIF probe (20 µM), 5x SET buffer, Igepal-
CA630 *Sigma, Castle Hill, NSW, Australia+ and 25 μg/ml polyA potassium salt *Sigma, Castle 
Hill, NSW, Australia]) was added and the slide placed into an incubation oven at 58oC for 90 
minutes. The hybridisation mix was removed from the chamber with filter paper and the 
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cells within the chamber were washed with 1x SET buffer preheated to 58oC. An additional 
125 µl of the preheated 1x SET buffer was added to the slide chamber and the slide placed 
into an incubation oven at 58oC for 15 minutes; this step was repeated once more. The 1x 
SET buffer was drained out of the chamber with filter paper and the frame-seal removed. 
The slide was allowed to air dry in the darkened room. 
Once dried, the slide was then stained with Modified Wright’s stain in the darkened room 
and allowed to dry again. Due to an auto-fluorescence issue with anti-fading agents and the 
Modified Wright’s stain, a drop of distilled water was placed onto the slide and covered with 
a 50 mm cover slip. The edges of the cover slip were sealed with clear nail-polish to prevent 
evaporation. The slide was then placed into a dark storage box until viewed microscopically. 
 
2.3.2 Microscopy and image acquisition 
The hybridised and stained slides were examined with a BX51 microscope (Olympus, Japan) 
using white light, as well as ultraviolet light (330 – 385 nm) through an emission filter (420 
nm). The Alexafluor350 probe fluoresced bright blue under the ultraviolet light conditions. 
Slides were scanned using the 40x objective lens, with digital images captured using the 
100x objective lens. Digital images with an inserted scale bar were captured in a TIFF file 
format using a microscope mounted camera and DP Controller (Olympus, Japan). 
Measurements of the key morphological features as described by Hoare (Hoare 1972) were 
made using Adobe Photoshop CS5 Extended (Adobe Systems Incorporated, USA). 
 
P a g e  | 45 
2.3.3 Morphology 
Key morphological measurements were recorded for each of the trypanosomes observed. 
Morphological traits recorded included total length (L) (including free flagellum), width over 
the nucleus (W), distance of the posterior to kinetoplast (PK), posterior to nucleus (PN), 
kinetoplast to nucleus (KN), anterior to nucleus (NA) and length of the free flagellum (FF). 
For T. copemani the kinetoplast-length (K-l) and kinetoplast-width (K-w) were also 
measured. 
Two additional ratios were calculated as they have been used previously to discriminate 
species of trypanosomes (Hoare 1972); the Nucleus Index (NI) (=PN/NA) and the Kinetoplast 
Index (KI) (=PN/KN). When NI=1, the nucleus is in the middle of the body; NI<1, the nucleus 
is posteriorly located in the body; and N1>1, the nucleus is anteriorly located in the body 
(Hoare 1972). When KI=2, the kinetoplast is half way between the posterior and nucleus; 
KI<2, the kinetoplast is closer to the posterior than to the nucleus; and KI>2, the kinetoplast 
is closer to the nucleus than the posterior end of the body (Hoare 1972). 
Differences in morphology between groups of trypanosomes were tested over all 
morphological traits (except the two ratio traits) with multivariate analysis of variance 
(MANOVA), and differences between groups for each trait (including the ratio traits) were 
tested by single factor analyses of variance, using a Bonferroni correction to maintain an 
experiment-wide Type I error rate of 5%. If the MANOVA showed a significant difference 
between groups, then discriminant analysis was used to detect the best combination of 
traits separating the groups. All statistical analyses were conducted with the software JMP 
10.0 SAS (Carey, NC: Institute Inc.).(Software: )(Software: )
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2.4 PCR and DNA sequencing 
2.4.1 DNA extraction 
Genomic DNA was extracted from 300 µl of host blood using the Wizard® Genomic DNA 
Purification Kit (Cat# A1125) as per the protocol for whole blood extraction (Promega, 
Wisconsin USA). Collected ectoparasites and haematophagous insects were removed from 
the 70% alcohol solution, allowed to air dry and identified morphologically to Family. Each 
family of ectoparasites collected from an individual woylie was pooled into a separate 1.5ml 
microcentrifuge tubes, with a maximum of fifteen similar ectoparasites per tube. Each 
family of haematophagous insects from an individual trapping session was pooled into a 
separate 1.5ml microcentrifuge tubes, with a maximum of 30 insects per tube. DNA from 
the arthropods was extracted using the Wizard® Genomic DNA Purification Kit (Cat# A1125) 
as per the protocol for animal tissue extraction (Promega, Wisconsin USA). A single 
modification was made to the animal tissue extraction protocol; after the arthropods were 
homogenised in 600 µl of nucleic lysis solution, they were incubated at 65oC for 12 hours 
rather than the recommended 15-30 mins. Extracted DNA from blood and arthropods were 
eluted in 60 µl of DNA rehydration solution and stored at -20oC. A negative control 
(containing only reagents and neither blood nor arthropods) was included in each batch of 
DNA extractions. 
 
2.4.2 Species / clade-specific PCR 
Four separate species / clade-specific nested PCR protocols were used to amplify the 
trypanosome 18S rDNA region using primers and PCR reactions previously described 
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(McInnes et al. 2011, Botero et al. 2013). However, this study used different PCR conditions 
for four of the primer pairs. For T. copemani external primers (S825F and SLIR) (Botero et al. 
2013), the pre-PCR step was 1 cycle of 94oC for 5 mins, 50oC for 2 mins and 72oC for 4 mins, 
followed by 35 cycles of 94oC for 30 secs, an annealing temperature of 57oC for 30 secs and 
an extension temperature of 72oC for 2mins 20 secs, with a final step of 72oC for 7 mins. For 
T. copemani internal primers (WoF and WoR) (McInnes et al. 2011) and Trypanosoma Clade 
B external and internal primers (TVEF, TVER, TVIF, TVIR) (Botero et al. 2013), the annealing 
temperature for the 35 cycles was 58oC for 30 secs, while the extension temperature was 
the same but held for 50 seconds per cycle. Trypanosoma gilletti and T. sp. H25 species / 
clade-specific primer sets were used as previously described (McInnes et al. 2011, Botero et 
al. 2013). 
Four controls were used in every nested PCR and included the negative control from the 
DNA extraction, a primary and a secondary PCR negative control and PCR positive control. 
All were monitored to ensure reliability of results. PCR products were run on a 1.5% agarose 
gel using SYBR Safe Gel Stain (Invitrogen, California USA) and visualized by illumination with 
UV light. 
 
2.4.3 Sequencing PCR 
A fourth nested PCR was used to amplify positive samples of T. copemani and Trypanosoma 
Clade B for sequencing. This technique targeted the 18S rDNA region and used the primers 
and PCR reaction as previously described (Botero et al. 2013) but with different PCR 
conditions for each of the three primer pairs. For the external primers SLF and S762R, the 
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pre-PCR step was 1 cycle of 94oC for 5 mins, 50oC for 2 mins and 72oC for 4 mins, followed 
by 35 cycles of 94oC for 30 secs, an annealing temperature of 55oC for 30 secs and 72oC for 2 
mins 20 secs, with a final step of 72oC for 7 mins. For the first pair of internal primers S823F 
and S662R, the annealing temperature for the 35 cycles was 56oC for 30 secs, while for the 
second pair of internal primers S825F and SLIR, the annealing temperature for the 35 cycles 
was 57oC for 30 secs. The combination of these two PCR products amplified a 1410 bp 
amplicon for sequencing. Four controls were used as described above. PCR products were 
run on a 1.5% agarose gel using SYBR Safe Gel Stain (Invitrogen, California USA) and 
visualized by illumination with UV light. 
PCR products of appropriate size were purified using the Agencourt AMPure PCR 
Purification system (Beckman Coulter, California USA) as per the manufacturer’s instructions 
and sequenced using an ABI PrismTM Terminator Cycle Sequencing Kit (Applied Bio-systems, 
California USA) on an Applied Bio-System 3730 DNA Analyser. The resulting sequences were 
then analysed and aligned using ClustalX 2.1. 
 
2.5 Spatial, temporal and transmission analyses 
For the analyses, data was sorted into seasons, with summer being December, January and 
February, autumn being March, April and May, winter being June, July and August and 
spring being September, October and November.  
A generalised linear mixed effects (glmer) model was used to test the effects of location, 
season and time on the infection state of woylies, separately for each of the different 
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species of Trypanosoma. For each species of Trypanosoma, infection state (0 (uninfected) 
and 1 (infected)) was the dependent variable, and location and season were the 
independent factors. Individual ID was also includes as a random effect to account for 
repeated measures on individuals, and our models had a binomial error distribution.  
To investigate what factors influenced the incidence of new infections (changes in infection 
state) a generalised linear model (glm) was used to test the effects of location, season and 
prior infection status on the incidence of new infections. The last record for each individual 
(so repeated measures for individuals was eliminated – the data were too overdispersed to 
use the glmer models) was selected, and categorised infection change as 1 for a new 
infection, and a 0 as no change or infection lost (as the factors influencing loss of infection in 
this analysis were not of interest). Infection change was the dependent variable, and 
location, and prior infection state with each of the other Trypanosoma species were 
included as independent factors in our analysis. A quasi-binomial error distribution was used 
and tested the significance of the effects with a chi-squared test. For these analyses, only 
individuals that had been recaptured were included.  
All the analyses were performed in the R statistical software, using the packages lme4 (Bates 
and Sarkar 2007) and car (Fox and Weisberg 2011).
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Chapter 3 – Survival, age estimation and sexual 
maturity of pouch young of the brush-tailed bettong 
(Bettongia penicillata) in captivity 
 
 
3.1 Introduction  
The brush-tailed bettong or woylie (Bettongia penicillata) is currently critically endangered 
(Wayne 2008, Wayne et al. 2013a). Historically the woylie was distributed over the southern 
half of mainland Australia (De Tores and Start 2008, Yeatman and Groom 2012). However, 
due to anthropogenic habitat change, loss and fragmentation, exotic predators and possible 
disease, the numbers of woylies in the wild have declined by about 98% since settlement of 
Australia by Europeans (Claridge et al. 2007, De Tores and Start 2008, Hunt 2010, Botero et 
al. 2013). Conservation efforts to control exotic predators enabled a strong period of 
population recovery between the 1970’s and 1999 (Wayne 2008, Wayne et al. 2013a). 
However, between 1999 and 2006 woylie numbers declined by 90% from a recovery peak of 
approximately 200,000 individuals (Wayne et al. 2013a).  
The current distribution of indigenous woylies occupies less than 1% of their former range 
(Freegard 2007) and are restricted to three populations located in Western Australia (WA); 
namely Dryandra Woodlands, and two neighbouring populations located in the Upper 
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Warren region (Perup and Kingston populations) (Priddel and Wheeler 2004, Wayne 2008, 
Pacioni et al. 2011) (Figure 3.1). The woylie population at Tutanning Nature Reserve, which 
up until recently was considered the fourth indigenous population, is now considered to 
have become locally extinct since 2011 (Wayne et al. 2013a). In attempts to ensure the 
overall survival of the species, large enclosures have been constructed to house ‘insurance’ 
populations, in which woylies interact and breed freely in an environment where introduced 
predators have been excluded. One such purpose built enclosure is the Perup Sanctuary 
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The reproductive biology of the woylie is not too dissimilar to that of other bettongs 
(Merchant et al. 1994). Woylies breed continuously and quickly, having a short oestrous 
cycle (≈ 21-22 days) and short gestation period (≈ 21 days) (Smith 1992, Smith 1996, Vernes 
and Pope 2002, Richardson 2012). After parturition of the neonate, the subsequent oestrus 
cycle and mating usually occurs within the following 24 hours (Smith 1992). As long as the 
neonate in the pouch has established lactation, the resulting corpus luteum formed during 
the post partum copulation will enter a stage of quiescence known as embryonic diapause, 
which is a common feature of macropod reproductive biology (Smith 1992, Smith 1996). If 
the adult female, that has mated post partum, later loses her young during the pouch 
development stage, the embryo in diapause will be reactivated, with the subsequent 
parturition of the new neonate occurring approximately 17 days after reactivation (Smith 
1992, Smith 1996). The pouch life of woylie young is between 98-110 days, with the young 
at foot becoming independent of their mother at approximately 120-140 days (Smith 1992, 
Merchant et al. 1994, Smith 1994, Richardson 2012). Young female woylies reportedly 
become sexually active at approximately 170-180 days (Christensen 1995).  
Adult woylies will often have several nests at any one time within their territory, so if 
disturbed, they can quickly flee at high speed and agility and retreat within another nest 
(Start et al. 1995, Richardson 2012). In doing so, they greatly reduce their chances of 
predation. A female woylie, heavily laden with young can also increase her mobility by 
jettisoning her young, so as to distract her potential aggressor (Morton et al. 1982, Priddel 
and Wheeler 2004). This sacrificing of her pouch young may be a survival strategy of female 
woylies. However, this same survival strategy may now be a critical factor during the 
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uncertain future of the woylie, as this large energetic investment required to nurture her 
young ultimately results in nil gain for the overall survival of the species.  
Previous studies have investigated the growth rate of Bettongia pouch young, including the 
Tasmanian bettong (Bettongia gaimardi) (Taylor and Rose 1987, Rose 1989), the northern 
bettong (Bettongia tropica) (Johnson and Delean 2001, Vernes and Pope 2002),the 
burrowing bettong (Bettongia lesueur) (Freegard et al. 2008) and the woylie (B. penicillata) 
(Merchant et al. 1994). The Merchant et al. (1994) method requires the physical removal of 
the developing young from the pouch for weighing, a practice that is now discouraged 
during conservation fieldwork because of animal welfare risks to the pouch young. Hence, 
these growth rate results now have limited application. Here we report on the development 
and survivorship of captive woylie pouch young to an age of approximately 250 days. 
Monthly observations were made regarding the fecundity of adult females, growth of young 
within their pouch and timing of permanent emergence of the young from the pouch. These 
observations were collected for the purpose of estimating pouch young age, pouch life and 
age of sexual maturity for pouch young born within the study enclosure. The aim of this 
study is to provide data that will be influential during future conservation efforts of this 
species and to improve population modelling accuracy for wild woylie populations.  
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3.2 Methods 
3.2.1 Animals 
A total of 16 adult woylies (Generation-Zero (G0)) were housed at Native Animal Rescue 
(NAR) (Figure 3.1) between March 2011 and December 2012 for the purpose of this study. 
NAR is managed by the Fauna Rehabilitation Foundation, where a predator proof enclosure 
(110 m x 70 m) has been purpose-built that contains four equal-sized pens (1,925 m2 each). 
Stocking of the NAR colony was achieved by translocating four adult male and four adult 
female woylies from the Upper Warren region during November and December 2010, with 
an additional four adult male and four adult female woylies transferred three months later 
from a captive woylie colony at Roleystone, WA (Figure 3.1). Equal numbers of woylies were 
placed into each of the four pens, so that each pen housed one of each gender from both 
source populations. Each of the G0 woylies had a unique ear tag number to enable 
identification upon capture. Food was provided each evening and composed of kangaroo 
pallets, leafy greens and a selection of apple, kiwi fruit, cheese, mushrooms, banana and 
corn. During the evening there were opportunities for the woylies to forage; water was 
available ad libitum.  
Sheffield wire cages (220 x 220 x 550 mm), baited with a mixture of rolled oats and peanut 
butter were used to capture woylies once a month for 22 consecutive months. The pouch of 
adult female woylies was inspected and recorded whether the pouch was occupied by a 
dependent young or not. For an unoccupied pouch, the presence of an engorged mammary 
gland and expressing nipple was recorded, as this was indicative of a young at foot within 
the pen that was not caught. When a pouch young (PY) was present and remained within 
the pouch throughout examination, the crown-rump (CR) distance was measured in situ; PY 
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were not deliberately removed from the pouch by the animal handler. Weight (WG), sex, 
head length (HL) and mean long pes length (PL) were collected from ejected PY, young at 
foot and independent sub-adults. The PL was the average of both feet measured from the 
heel to the end of the fourth digit, excluding the toenail. All length measurements 
(millimetres (mm)), weights (grams (g)) and sexing of PY were completed by the author, thus 
eliminating inter-observer error as a variable. For future identification purposes, small 
titanium ear tags were applied to all Generation-One (G1) woylies born at NAR once they 
were no longer restricted to the pouch. 
In the event of pouch ejection, the PY was replaced back into the pouch once measured and 
secured in place with two 100 x 100 mm strips of Fixomull tape (BSN Medical) applied 
externally to the opening of the pouch. After examination, all G0 adult woylies and their 
dependent young were released back into their original pen at NAR; none of these 
dependent young were left behind after release of the adult females. Once independent of 
their mothers, all G1 woylies were translocated to other enclosures around WA and were no 
longer part of this study.  
 
3.2.2 Estimating date of parturition 
Estimated dates of parturition were calculated for each of the PY, as none were observed 
first hand. The first step of this process was to identify individual PY whose initial CR 
measurement was between 7 – 10 mm. Each of these individuals were then assigned a 
parturition date (using Equation (1) (Johnson and Delean 2001)), with the assumption that 
the PY CR and HL are similar for both the woylie and northern bettong during this very early 
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stage of development. Error associated with these estimates was ± 3 days (Johnson and 
Delean 2001).  
From these selected individuals, an analysis of their CR measurements and days post partum 
was used to calculate an estimated date of parturition for CR measurements between 7 and 
40 mm. These estimated ages were then used to assign a date of parturition for the 
remaining PY identified in this study, by using their initial CR measurement.  
 
3.2.3 Analysis of PY age  
Once an approximate parturition date was assigned to each PY, their ages were analysed 
with regards to CR, WG, PL, and HL. The duration of pouch life and time until sexual maturity 
of G1 females was also analysed.  
 
3.2.4 Data analysis  
The sex ratio of the PY born within the enclosure was compared to the theoretical 1:1 sex 
ratio using a Chi-Squared test. The mixed-effects model used to analyse the age (in days) of 
the PY in relation to CR size was linear, and nonlinear (i.e. NLME) for the separate models for 
WG, PL, and HL. In all mixed-effects models, PY identification was included as a random effect 
to account for repeated measures on any individual. Upper and lower 95% confidence 
intervals of the relationship between age and WG, PL or HL were also generated by the NLME 
models. Analyses of PY age were conducted in R (Version 2.15.2) using the packages ‘stats’ 
(R-Core-Team 2013) and ‘NLME’ (Pinheiro et al. 2013). 
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3.3 Results 
3.3.1 Pouch status 
The trapping success of the adult G0 females at NAR was 94.9% (CI95 = 93.2 – 96.6%; N = 
167). During pouch checks, PY were identified 84.4% (CI95 = 81.6 – 87.2%) of the time, an 
engorged mammary gland and expressing nipple identified 11.4% (CI95 = 8.9 – 13.8%) of the 
time and neither PY nor active lactation were identified 4.2% (CI95 = 2.6 – 5.7%) of the time.  
 
3.3.2 Sex ratio of pouch young 
A total of 49 individual PY were identified during this study, of which 28 individual PY 
survived to a sub-adult age. The male to female sex ratio of these 28 sub-adult woylies was 
11:17, which did not significantly differ from parity (X2 = 1.286, d.f. = 1, P = 0.257). Of the 
remaining 21 PY identified during this study, eight were still restricted to the pouch at the 
completion of this study (one male, one female and 6 of unknown sex) and 13 prematurely 
died before emerging from the pouch (one male, one female and 11 of unknown sex).  
 
3.3.3 Fate of pouch young 
Parturition of PY occurred throughout the calendar year. The mean pouch life of the PY that 
survived to independence was 101.8 ± 2.0 days (range: 86 – 116 days; N = 18) and the mean 
age of the PY when it was first captured independently of its mother was 142.8 ± 4.4 days 
(range: 105 – 197 days; N = 26). Of the male and female PY that survived to a sub-adult age, 
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73% and 53% respectively, were born between the four months of May to August (Table 
3.1).  
The mean age of PY mortality was 52.1 ± 7.8 days (range: 24 -130 days; N = 13). Of the PY 
that died prematurely (N = 13), 84.6 % occurred between May and July (Table 3.1), with a 
mean CR of 53.2 ± 6.8 mm at the time of last measurement (<30 days prior to death; range: 
35 – 110 mm; N = 11). The CR sizes for the two PY deaths in February and December were 
>45 and >20 mm respectively. All premature deaths that occurred in this study occurred 
within the enclosure and not while trapping, handling or releasing the animals; but may be a 
result of stress post trapping. 
 
Table 3.1  Number of births, males and females surviving to a sub-adult age and 
premature deaths that occurred during the months of this study (* total number includes 
unsexed PY but not deaths, # records of when death occurred- not related to the number of 










Number of PY 
deaths# 
January (1) 4 4 0 0 
February (1) 0 0 0 1 
March (2) 3 1 0 0 
April (2) 5 0 0 0 
May (2) 6 1 2 2 
June (2) 5 2 1 4 
July (2) 4 1 3 5 
August (2) 7 5 2 0 
September (2) 5 0 1 0 
October (2) 3 0 0 0 
November (2) 5 2 2 0 
December (2) 2 1 0 1 
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3.3.4 Estimation of birth date 
On 14 separate occasions during this study, a new PY was measured with a CR of 10 mm or 
smaller. Using the following age estimates generated from Equation (1) (Johnson and 
Delean 2001): 6.67mm ≈ day of parturition; 7 mm ≈ 1 day old; 8 mm ≈ 3 days old; 9 mm ≈ 6 
days old; and 10 mm ≈ 8 days old, a date of parturition was assigned (with certain accuracy 
(± 3 days)) to these 14 PY.  
The resulting linear regression formula (1) for the relationship between CR measurements 
and days post partum of these 14 PY was significant (R2 = 0.925, F1,12 = 369.3, P < 0.001). 
Using formula (1), an approximate date of parturition could be calculated for CR 
measurements between 7 – 40 mm long (Table 3.2).  
 
CR1 = 0.808x + 6.67      (1) 
where: x = Days post partum; CR1 = Crown-rump (mm)  
 
3.3.5 Analysis of PY age  
Using the estimated age of CR sizes between 7 and 40 mm (Table 3.2: Formula 1), an 
estimated date of parturition was assigned for the remaining PY not used in formula (1). The 
resulting linear regression formula (2) from the analysis of the multiple CR measurements 
and days post partum collected from 48 PY was significant (R2 = 0.927, F1,46 = 1644.1, P < 
0.001) (Figure 3.2). Using formula (2), an approximate date of parturition was calculated for 
CR ranging between 7 – 40 mm for comparison with formula (1) (Table 3.2).  
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CR2 = 0.823x + 6.67     (2) 




Figure 3.2  Analysis of crown-rump (CR) and days post partum for 48 young within the 






P a g e  | 61 
Table 3.2  Estimations of days post partum using formula (1) and (2) for pouch young of 






post partum  
Formula 2- 
estimate days 
post partum  
Variation 
between 
Formula 1 & 2 
7 1 1 0 
10 4 4 0 
15 10 10 0 
20 16 16 0 
25 23 22 1 
30 29 28 1 
35 35 34 1 
40 41 40 1 
 
 
Three separate logistic (sigmoid) regression analyses were conducted, using either animal 
WG (n = 83) (Figure 3.3), PL (n = 83) (Figure 3.4) or HL (n = 77) (Figure 3.5) and days post 
partum with the non-linear scaling. For each, multiple records were collected from 28 PY up 
until an age of approximately 250 days. The parameter estimates used in formula (3) and 
the 95% confidence intervals (CI95) are summarised in Table 3.3. The resulting three NLME 
analyses were each significant (P < 0.001).  
 
Y = A/(1+e(B-x)/C)     (3) 
where: Y = either WG, PL or WG; x = Days post partum; e = natural log; 
and A, B and C are NLME parameters 
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Table 3.3  Parameter estimates and confidence intervals of WG, PL and HL growth curves 




Asymptote (mm) Inflection point (days) Growth rate (day -1) 
A CI95 B CI95 C CI95 
Weight (WG) 1081.7 1046.4 ↔ 1120.3 122.5 119.6 ↔ 125.6 19.5 17.4 ↔ 21.8 
Pes Length (PL) 106.6 105.2↔ 108.0 71.3 69.1 ↔ 73.2 17.3 15.0 ↔ 20.0 






Figure 3.3  Analysis of animal weight (WG) and days post partum for 28 PY either ejected 
from the pouch, young at foot or sub-adult (and regression line; n = 83) 
 




Figure 3.4  Analysis of mean pes length (PL) and days post partum for 28 PY either ejected 














Figure 3.5  Analysis of head length (HL) and days post partum for 28 PY either ejected from 
the pouch, young at foot or sub-adult (and regression line; n = 77) 
 
Using formula (2) and the parameter estimates of formula (3), Table 3.4 summarises the age 
estimates of woylie PY (using CR, WG, PL and HL as an estimator of age) up until an age of 220 
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Table 3.4  Age estimates (days post partum) of woylie PY using CR, WG, PL and HL as an 
estimator of age 
 
Days old Crown Rump Weight (± CI95) Pes Length (± CI95) Head Length  (± CI95) 
  (mm) (g)   (mm) 
 
(mm)   
5 10.8 ------ ------ ------ ------ ------ ------ 
10 14.9 ------ ------ ------ ------ ------ ------ 
15 19.0 ------ ------ ------ ------ ------ ------ 
20 23.1 ------ ------ ------ ------ ------ ------ 
25 27.2 ------ ------ ------ ------ ------ ------ 
30 31.4 ------ ------ ------ ------ ------ ------ 
35 35.5 ------ ------ ------ ------ ------ ------ 
40 39.6 ------ ------ ------ ------ ------ ------ 
45 43.7 ------ ------ ------ ------ ------ ------ 
50 47.8 ------ ------ ------ ------ ------ ------ 
55 51.9 ------ ------ ------ ------ ------ ------ 
60 56.0 42.1 (33.1 - 52.5) 36.5 (36.8 - 37.2) 31.7 (31.6 - 32.3) 
65 60.1 53.8 (43.6 - 65.3) 43.7 (43.1 - 45.6) 34.9 (35.1 - 35.3) 
70 64.3 68.5 (57.4 - 80.9) 51.3 (49.7 - 54.3) 38.2 (38.1 - 39.0) 
75 68.4 87.0 (75.1 - 100.0) 59.0 (56.5 - 62.9) 41.6 (41.1 - 42.7) 
80 72.5 109.8 (97.7 - 122.9) 66.5 (63.2 - 71.0) 45.0 (44.1 - 46.5) 
85 76.6 137.9 (126.3 - 150.4) 73.5 (69.5 - 78.2) 48.3 (47.1 - 50.1) 
90 80.7 171.8 (161.8 - 182.9) 79.7 (75.5 - 84.4) 51.6 (50.1 - 53.7) 
95 84.8 212.1 (205.1 - 220.8) 85.1 (80.9 - 89.4) 54.7 (53.0 - 57.0) 
100 88.9 259.3 (256.6 - 264.3) 89.7 (85.7 - 93.4) 57.7 (55.8 - 60.1) 
105 ------ 313.2 (313.5 - 316.2) 93.4 (89.8 - 96.5) 60.5 (58.5 - 63.0) 
110 ------ 373.1 (367.8 - 382.9) 96.4 (93.3 - 98.8) 63.2 (61.0 - 65.6) 
115 ------ 438.1 (426.6 - 455.0) 98.8 (96.2 - 100.6) 65.6 (63.5 - 67.9) 
120 ------ 506.2 (488.7 - 529.7) 100.6 (98.6 - 101.8) 67.8 (65.7 - 70.0) 
125 ------ 575.5 (552.6 - 604.2) 102.1 (100.5 - 102.8) 69.9 (67.8 - 71.8) 
130 ------ 643.6 (616.7 - 675.5) 103.2 (102.1 - 103.5) 71.7 (69.8 - 73.4) 
135 ------ 708.6 (679.4 - 741.1) 104.0 (103.4 - 104.0) 73.3 (71.6 - 74.8) 
140 ------ 768.5 (739.1 - 799.3) 104.7 (104.3 - 104.4) 74.8 (73.2 - 76.0) 
145 ------ 822.4 (794.5 - 849.4) 105.2 (104.6 - 105.1) 76.0 (74.7 - 77.0) 
150 ------ 869.6 (845.0 - 891.3) 105.5 (104.8 - 105.8) 77.2 (76.0 - 77.9) 
155 ------ 910.0 (889.8 - 925.5) 105.8 (104.9 - 106.3) 78.1 (77.2 - 78.7) 
160 ------ 943.9 (929.0 - 953.0) 106.0 (105.0 - 106.7) 79.0 (78.3 - 79.3) 
165 ------ 971.9 (962.8 - 974.7) 106.2 (105.1 - 107.0) 79.8 (79.3 - 79.8) 
170 ------ 994.7 (991.3 - 991.7) 106.3 (105.1 - 107.2) 80.4 (80.1 - 80.3) 
175 ------ 1013.2 (1004.8 - 1015.3) 106.4 (105.2 - 107.4) 81.0 (80.7 - 80.9) 
180 ------ 1027.9 (1014.9 - 1035.2) 106.4 (105.2 - 107.5) 81.4 (81.0 - 81.5) 
185 ------ 1039.6 (1022.6 - 1051.6) 106.5 (105.2 - 107.6) 81.9 (81.3 - 82.1) 
190 ------ 1048.9 (1028.4 - 1065.0) 106.5 (105.2 - 107.7) 82.2 (81.5 - 82.7) 
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195 ------ 1056.1 (1032.8 - 1075.9) 106.5 (105.2 - 107.8) 82.5 (81.7 - 83.1) 
200 ------ 1061.8 (1036.2 - 1084.7) 106.6 (105.2 - 107.9) 82.8 (81.8 - 83.5) 
205 ------ 1066.2 (1038.7 - 1091.8) 106.6 (105.2 - 107.9) 83.0 (82.0 - 83.9) 
210 ------ 1069.7 (1040.6 - 1097.5) 106.6 (105.2 - 107.9) 83.2 (82.1 - 84.2) 
215 ------ 1072.4 (1042.1 - 1102.1) 106.6 (105.2 - 108.0) 83.4 (82.2 - 84.5) 




3.3.6 Successive breeding 
During the 22 months of this study, the maximum annual breeding potential of the adult G0 
woylie (being three successive PY reared to independence in a twelve month period) was 
successfully achieved twice; once each by two of the eight original individual females (Table 
3.5). In both of these cases, the PY born forth in succession was prematurely lost.  
 
Table 3.5  Birth dates and pouch life duration for consecutive G1 woylies reared by an 
individual female within a twelve month period- 1st, 2nd and 3rd PY were each successfully 
reared to an age of independence, followed by the 4th PY, which were prematurely lost; * PY 
prematurely lost 
 
 Woylie ID: WC2807 Woylie ID: K1677 
Successive PY Birth dates 
(Pouch life duration) 
Birth dates 
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3.3.7 Sexual maturity 
On three separate occasions, G1 females born at NAR were found with Generation-Two (G2) 
young within their pouches. The first G1 female was 205 days post partum and carrying a G2 
PY with a CR measurement of 25 mm (approximately 22 days old). The second G1
 female was 
150 days and carrying a G2 PY with a CR measurement of 10 mm (approximately 4 days old) 
and the third G1
 female was 147 days and carrying a G2 PY with a CR measurement of 10 mm 
(approximately 4 days old). When including the period for gestation of their first neonate, 
the approximate age of conception for the three G1 females above, were 162, 125 and 122 
days respectively.  
Of the four G0 adult female woylies translocated from the indigenous Upper Warren 
populations in 2010, one of them was approximately 156 days old when translocated to 
NAR (head measurement: 78.3 mm). Upon translocation, she was recorded as being virginal, 
with her pouch being groomed and readied to receive her first neonate. Parturition of her 
first PY occurred at NAR and the G1 PY was captured 106 days later, with a WG of 375 g 
(≈110 days old) and a PL of 97.9 mm (≈113 days old). If parturition of the G1 PY occurred 
soon after release of its mother at NAR, then the G0 female would have been approximately 
135 days old when sexually mature, with copulation occurring in the Upper Warren region 
prior to translocation. In spite of the lengthy duration before this G1 woylie was captured, its 
origin is certain, as only one G0 adult female woylie (its mother) was housed in this pen 
during its development.  
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3.4 Discussion 
Woylies are successful reproducers, having a rapid gestation period, fast growing PY and 
with the sexual maturity of their succeeding generation being reached at a relatively young 
age (Smith 1992, Merchant et al. 1994, Christensen 1995, Smith 1996, Vernes and Pope 
2002, Richardson 2012). However, to date, research observing the monthly survival and 
development of woylies from parturition to parental independence has been incomplete. In 
the past, it has been difficult to determine the approximate age of a woylie PY. The available 
growth rates of early woylie development (Merchant et al. 1994) requires the PY to be 
weighed, and is not applicable to those PY that remain within the pouch during examination 
of its mother.  
 
3.4.1 Reproductive capacity of female woylies 
Here we observed a high proportion of adult G0 females caring for a dependant young (95.8 
%); this was consistent with field observations from the Upper Warren region (97%) (Wayne 
et al. 2013b). In spite of this continuous breeding of the G0 females, the maximum breeding 
potential of the woylies (being three young reared to an independent age in a twelve month 
period) was observed only twice; a single time each by two of the eight G0 females. Of the 
40 individual G1 woylies that should have been reared to an independent age during this 
study (as related to the high proportion of adults caring for PY), only 70% of this theoretical 
total was observed, as a number of premature deaths occurred during this study. It is 
noteworthy that the loss of PY during this study could have been a result of the human-
related stressors, as a consequence of the monthly trapping, handling and releasing of the 
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adult woylies, and / or from stress arising from captive conditions and stocking densities. 
However, the extent of this influence was not investigated. In the wild, the successful 
rearing of young woylies would also be influenced by stress, such as the seasonal fluctuation 
of food availability, habitat disturbance and predator interactions. Therefore, the proportion 
of PY that successfully reaches an independent age in the wild may or may not be similar to 
this study.  
While investigating the fecundity of the woylies at NAR, we observed a peak in PY mortality 
during the months of May to August#, in spite of a consistent trapping protocol. All of the PY 
lost during these months had a CR measurement between 35 to 110 mm, indicating that 
each had been established in the pouch for more than a month. This is not the first time 
premature deaths of potoroid PY has been recorded in captivity, with the long-nosed 
potoroo (Potorous tridactylus) observed ejecting anatomically normal young during their 
pouch development (Bates et al. 1972). When considering the changing weather conditions 
for the study area during the research period (Figure 3.6), the high PY mortality observed 
could have been influenced by the cooler temperatures and higher rainfall, with this four 






similar observation have since been made during woylie trapping at PS, 2014 (A. Wayne, unpublished data) 
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Figure 3.6  The mean monthly minimum and maximum temperature (oC) and rainfall (mm) 
in the vicinity of the NAR enclosure for 2011 and 2012- Source: Australian Government 
Bureau of Metrology (http://www.bom.gov.au/climate/data)  
 
The months of May to August also accounted for almost two thirds of PY parturition that 
survived to an independent age. It is possible that this high proportion of PY survival could 
be accounted for by an improvement in the composition of milk being supplied to the 
developing young during its pouch life. The growth rates of woylie PY have been shown to 
be related to the composition of milk being supplied by its mother (Merchant et al. 1994), 
with the quality and quantity of milk being compromised by the nutritional needs of the 
young, the maternal needs of the parent and the availability (a function of quality and 
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quantity) of food resources (Crowley et al. 1988). It has also been demonstrated with the 
Tasmanian bettong, that a restricted diet can lead to a lower quality of milk, which in turn 
leads to reduction in growth of the PY (Rose et al. 2003).  
In the wild, the woylie is primarily mycophagous, feeding on hypogeous fungi, with these 
underground fungi reportedly peaking in abundance during the winter months in WA 
(Christensen 1980, Zosky 2011). Therefore, the cooler, wetter months of the year appear 
favourable to the growth and survival of woylie PY. With more food being available, the 
adult female would be able to invest more maternal resources to her developing young. It is 
interesting to note that these high rates of PY mortality and survivorship that occurred 
during the cooler, wetter months of this study happened even though food was available to 
the woylies every evening. This raises the question: are female woylies responding to the 
changing weather conditions and actively ejecting their young to vacate their pouch, 
allowing the following PY the better chance of survival? Given the predilection of females to 
eject their young when threatened (Morton et al. 1982, Priddel and Wheeler 2004), is this a 
similar life-strategy that is beneficial to the woylie, assisting in the production of ‘fitter’ 
progeny in the wild? These questions require further investigation. 
In theory, a ‘fitter’ male offspring is expected to out-reproduce his sister only if he is in peak 
condition at the time of independence (Trivers and Willard 1973). Thus the chances of 
rearing a male offspring in prime condition increases as the investment towards its 
development increases (Trivers and Willard 1973, Merchant et al. 1994). As discussed 
above, this would appear to occur during the cooler, wetter months of the year when more 
food is available. Of the G1 male woylies that survived to a sub-adult age in this study, 73% 
of them were born during the cooler wetter months of May to August. A similar increase in 
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male PY survivorship during times of favourable climatic conditions has also been observed 
for both the eastern grey kangaroo (Macropus giganteus) and the red-necked wallaby 
(Macropus rufogriseus) (Cockburn 1990). The increased survivorship of male PY during the 
winter months may also explain the variable sex-ratio of woylies observed at the Karakamia 
Wildlife Sanctuary during 2006 and 2007, where the numbers of independent males (sub-
adult / adult no longer restricted to the pouch) increased during November to March 
(Wayne 2008).  
Also relevant to the breeding potential of the woylies are the rare occurrences of twin-PY. 
Whilst there were no cases of twin-PY at NAR during this study there have been five out of 
>9000 cases in the Upper Warren region, of which two of these five occurrences were from 
the same female in 2012 (A. Wayne, unpublished data). While the fates of these twin-PY are 
unable to be verified, further research is required to investigate the successful rearing of 
woylie twin-PY. 
 
3.4.2 Estimating the age of woylie pouch young 
All of the resulting formulas used to estimate the age of the PY at NAR showed significant 
relationships with days post partum. Therefore, CR measurements could be used as a 
reliable estimator of age when the woylie PY remains within the pouch during examination. 
Body weights and skeletal morphometrics, including both PL and HL could be used together 
as a reliable estimator of age for ejected PY, young at foot and sub-adults. From the data 
presented here, body weights and skeletal morphometrics would be a sufficient predictor of 
age up until an approximate age of 150 - 200 days. Based on the findings from a 
comparative analysis of skeletal morphometrics of the Tasmanian bettong in captivity and in 
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the wild (Taylor and Rose 1987), it should be reasonable to assume that the estimates of age 
based on skeletal measurements of the woylies in this study should be applicable to wild 
woylie populations. As skeletal morphometrics were unavailable for PY less than ≈ 60 days 
old, predictions from the NLME models for early development should be interpreted with 
caution.  
Caution should also be used when applying the reported WG estimator of age for woylies 
from other locations. In this study, food was supplied each evening to the woylies and their 
weight gain reported here may not accurately represent the development of young woylies 
where food availability and / or quality are different. The misrepresentation of weight as an 
estimator of age from captive animals has been reported for the Tasmanian bettong, where 
the weight gain for captive bettongs was significantly larger than those of young caught in 
the wild (Taylor and Rose 1987).  
 
3.4.3 Age of sexual maturity 
The youngest ages of sexual maturity for captive female woylies observed in this study were 
122 and 125 days at the age of conception of their first young. The minimum age of sexual 
maturity of wild females may also be similar, given that the estimated age of first 
conception for one of the four G0 females sourced from the wild was 135 days. This is 
similar to the unsubstantiated observations of sexual maturity at 4 months of age at a 
recreational park in South Australia (Delroy et al. 1986) and observations in the Upper 
Warren region in WA of woylie females conceiving at 137 – 154 days old (A. Wayne, 
unpublished data) but is somewhat less than the previously reported 170-180 days 
(Christensen 1995).  
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3.5 Conclusions 
Overall, woylies were observed as being successful breeders, with adult females caring for a 
dependent young the majority of the time. However, the number of young surviving to a 
sub-adult age was about 30% below what is theoretically possible, even within an enclosure 
where food was provided and predators eliminated. As the proportion of PY surviving to an 
independent age is likely to vary for wild and semi-wild populations, it should be 
investigated as to whether the same seasonal trends in survivorship and gender of PY exist 
at other locations. Another factor influencing the reproductive success of the woylies in the 
wild may be the changing weather conditions each year, with the adult female woylie 
possibly responding to these changes by actively ejecting her PY, with the intention of 
subsequently rearing a ‘fitter’ progeny under more favourable conditions. These 
observations of woylies in captivity will add to the overall biological understanding of this 
species and will aid future population modelling predictions of wild and captive woylie 
populations. Future population modelling will be aided by a better understanding of the 
factors influencing the reproductive success of the woylie, age of sexual maturity and the 
ability to estimate the age of PY and young at foot within any given population. By 
understanding the age structure of the succeeding generation of woylies and their chances 
of survival to a reproductive age, our results will contribute to the management and 
conservation of remnant populations.  
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Chapter 4 – Morphological polymorphism of 
Trypanosoma copemani and description of the 
genetically diverse T. vegrandis sp. nov. from the 
critically endangered Australian potoroid, the brush-
tailed bettong (Bettongia penicillata (Gray, 1837)) 
(Appendix 2 and 3) 
 
4.1 Introduction 
Trypanosomes are parasitic protozoans (Sarcomastigophora: Kinetoplastida), which cause 
disease and death in humans and livestock around the world. Trypanosoma cruzi (Chagas 
disease) and T. brucei (African sleeping sickness) are collectively responsible for about 
63,000 human deaths per year (Barrett et al. 2003), while T. evansi (Surra), T. vivax (Nagana) 
and T. congolense (Nagana) are all of great economic concern to livestock production in 
Africa, Asia and South America (Brun et al. 1998, Steverding 2008, D'Archivio et al. 2011). 
By contrast, the trypanosomes of wildlife have been poorly studied. There is however some 
evidence indicating that these parasitic protozoans may be the causative agents behind 
population declines and extinctions of endangered fauna. For example, it was 100 years 
after a report of the extinction of endemic native rats on Christmas Island before evidence 
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was presented identifying T. lewisi as possibly being influential during the disappearance of 
the native rats (Andrews 1909, Wyatt et al. 2008). Recent studies have shown that the 
unintentional introduction of the black rat (Rattus rattus) and its fleas infected with T. lewisi 
may have contributed to the extinction of R. macleari and possibly R. nativitatis (Pickering 
and Norris 1996, Wyatt et al. 2008). 
It is also possible that trypanosomes have played a potential role during the recent decline 
of the woylie (Bettongia penicillata) in Western Australia (WA) (Smith et al. 2008, Averis et 
al. 2009). Prior to European settlement of Australia in 1788, woylies were distributed over 
much of the southern half of mainland Australia (De Tores and Start 2008). However, as a 
consequence of human expansion and introduced exotic predators, the natural abundance 
and distribution of the woylie has been severely challenged (Claridge et al. 2007, De Tores 
and Start 2008, Wayne 2008). By the 1970’s woylies became restricted to four small 
populations located in south-western Australia only; namely Tutanning Nature Reserve, 
Dryandra Woodlands and the Upper Warren Region (UWR) (which includes the Perup and 
Kingston populations) (Wayne 2008, Pacioni et al. 2011) (Figure 4.1). 
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Figure 4.1  Remaining natural populations of woylies and the sample locations for this 
study in Western Australia 
 
The systematic, broadscale control of foxes using 1080-poison began in the 1970s and by 
1996 the woylie became the first Australian taxon to have its conservation status 
downgraded from ‘Endangered’ to ‘Low Risk / Conservation Dependent’ (IUCN Red List) 
because of recovery efforts (Claridge et al. 2007, Wayne 2008). However, despite the 
continuous effort to control exotic predators, woylie populations have undergone a further 
and rapid decline since 1999 (Abbott 2008, Department of Sustainability et al. 2012, Wayne 
et al. 2013a). The factors responsible for this recent and rapid decline remain unclear, with 
the future survival of indigenous woylies becoming increasingly uncertain. However, recent 
spatio-temporal population modelling has hypothesised that disease, in conjunction with 
predation, may have been the main contributing factors to the recent woylie population 
declines (Wayne et al. 2011). 
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During a recent disease investigation, trypanosomes were identified in the blood of woylies 
from the UWR (Smith et al. 2008). The trypanosomes identified were a morphologically 
distinct species endemic to Australia, which infected between 35% (by molecular 
techniques) and 43% (by microscopy) of woylies in these declining populations (Smith et al. 
2008). In an effort to further investigate the influence of trypanosomes upon the recent 
decline, research was extended to include woylies at the Karakamia Wildlife Sanctuary 
(KWS) (Figure 4.1), as this 285 hectare feral-free enclosure contained the only stable high-
density sub-population of woylies on mainland Australia (Groom 2010). Molecular 
techniques identified a trypanosome prevalence of 14% at KWS, with microscopy failing to 
identify any morphological forms in the blood (Smith et al. 2008). The observed higher 
parasite prevalence and parasitaemia (as interpreted by microscopy) in the declining Upper 
Warren populations helped strengthen the potential role of disease in the recent woylie 
decline (Smith et al. 2008). 
The present study extends previous work and examines the morphology of the 
trypanosomes infecting woylies at both the UWR (with eight woylies translocated to Native 
Animal Rescue (NAR) as part of a more intensive observational study) and at KWS. We 
report for the first time on two different morphological phenotypes of T. copemani infecting 
woylies. We also report the first visual identification of a second smaller trypanosome, 
which is believed to be one of the smallest recorded trypanosomes from mammals. The 
morphology of this new species has been described and named T. vegrandis sp. nov. Also 
presented is the first visual identification of a mixed infection of both T. copemani and T. 
vegrandis sp. nov. 
 
  
P a g e  | 79 
4.2 Methods 
4.2.1 Sample collection and preparation 
Sheffield traps baited with a mixture of rolled oats, peanut butter and sardines were used to 
capture woylies from three separate locations in WA. Firstly from the UWR (Figure 4.1) 
during November and December, 2010. UWR is predominantly publicly-owned conservation 
estate and state forest, managed by the Department of Parks and Wildlife (DPaW), and 
supports the largest wild woylie population and two of the four indigenous genetically 
distinct subpopulations extant at the time (Pacioni et al. 2011). Secondly at NAR (Figure 4.1) 
on seven separate occasions between April 2011 and April 2012. NAR is managed by the 
Fauna Rehabilitation Foundation, where a predator proof enclosure (110m x 70m) has been 
purpose-built to house 16 woylies. Thirdly at KWS (Figure 4.1) on two separate occasions 
during September 2011 and February 2012. KWS is managed by Australian Wildlife 
Conservancy, where a predator proof fence has been constructed for native Western 
Australian endangered mammals. 
After removing the animal from the trap, a 400 µl sample of blood was collected from the 
lateral caudal vein using a 25G x 5/8” needle and 1ml syringe. From the collected blood, 300 
µl was placed into a MiniCollect 1ml EDTA tube (Greiner bio-one, Germany) to prevent 
clotting and kept at 4oC for DNA extraction and PCR. With the remaining blood, multiple thin 
blood smears were made from each woylie sampled. Wet mounted slides were also 
collected during the February 2012 sampling at KWS. After blood collection, woylies were 
released at the point of capture, except for eight woylies from the UWR, which were 
translocated to NAR for release. 
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4.2.2 Fluorescence in situ Hybridisation (FISH) and staining 
Using Trypanosoma Clade B internal forward primer sequence (TVIF *5’- GAC CAA AAA CGT 
GCA CGT G -3’+) (Botero et al. 2013), a commercially synthesised probe was manufactured 
that bound an AlexaFluor350 label at the 5’ end (BioSynthesis, Texas, USA). The 
AlexaFluro350 label excites at 350 nm and emits at 442 nm. 
The FISH protocol used in this study was modified from that developed by Li (Li 2012) and 
was conducted within 24 hours of blood collection. After application of a 125 µl Frame-Seal 
Incubation Chamber (Bio-Rad, California, USA) to the dried blood slide, cells within the 
chamber were fixed with 120 µl of 4oC fixative buffer (88 µl of 95% ethanol, 20 µl of 
deionised H20 and 12 µl of 25x SET buffer [3.75 M NaCl, 25 mM EDTA, 0.5 M Tris HCl @ pH 
7.8]). The buffer was left to incubate at 4oC for 40 minutes. The fixative buffer was then 
drained from the chamber using filter paper and washed with PBS (950 ml of distilled H2O, 
and 50 ml of 20x PBS stock solution [160.0 g/L of NaCl, 24.2 g/L of KH2PO4 and 6.8g/L of 
K2HPO4]). After drying the slide in an incubation oven at 58
oC for 15 minutes, the cells within 
the chamber were dehydrated using 50%, 80% and 96% ethanol steps for a period of 90 
seconds each, after which, the slide was allowed to air dry. 
The remaining steps of the FISH protocol were conducted in a darkened room. To the slide 
chamber, 125 µl of hybridisation mix (2 µl of TVIF probe (20 µM), 5x SET buffer, Igepal-
CA630 *Sigma, Castle Hill, NSW, Australia+ and 25 μg/ml polyA potassium salt *Sigma, Castle 
Hill, NSW, Australia]) was added and the slide placed into an incubation oven at 58oC for 90 
minutes. The hybridisation mix was removed from the chamber with filter paper and the 
cells within the chamber were washed with 1x SET buffer preheated to 58oC. An additional 
125 µl of the preheated 1x SET buffer was added to the slide chamber and the slide placed 
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into an incubation oven at 58oC for 15 minutes; this step was repeated once more. The 1x 
SET buffer was drained out of the chamber with filter paper and the frame-seal removed. 
The slide was allowed to air dry in the darkened room. 
Once dried, the slide was then stained with Modified Wright’s stain in the darkened room 
and allowed to dry again. Due to an auto-fluorescence issue with anti-fading agents and the 
Modified Wright’s stain, a drop of distilled water was placed onto the slide and covered with 
a 50 mm cover slip. The edges of the cover slip were sealed with clear nail-polish to prevent 
evaporation. The slide was then placed into a dark storage box until viewed under the 
microscope. 
 
4.2.3 Microscopy and image acquisition 
The hybridised and stained slides were examined with a BX51 microscope (Olympus, Japan) 
using white light, as well as ultraviolet light (330 – 385 nm) through an emission filter (420 
nm). The Alexafluor350 probe fluoresced bright blue under the ultraviolet light conditions. 
Slides were scanned using the 40x objective lens, with digital images captured using the 
100x objective lens. Digital images with an inserted scale bar were captured in a TIFF file 
format using a microscope mounted camera and DP Controller (Olympus, Japan). 
Measurements of the key morphological features as described by Hoare (Hoare 1972) were 
made using Adobe Photoshop CS5 Extended (Adobe Systems Incorporated, USA). 
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4.2.4 Morphology 
Key morphological measurements were recorded for each of the trypanosomes observed. 
Morphological traits recorded included total length (L) (including free flagellum), width over 
the nucleus (W), distance of the posterior to kinetoplast (PK), posterior to nucleus (PN), 
kinetoplast to nucleus (KN), anterior to nucleus (NA) and length of the free flagellum (FF). 
For T. copemani the kinetoplast-length (K-l) and kinetoplast-width (K-w) were also 
measured. 
Two additional ratios were calculated as they have been used previously to discriminate 
species of trypanosomes (Hoare 1972); the Nucleus Index (NI) (=PN/NA) and the Kinetoplast 
Index (KI) (=PN/KN). When NI=1, the nucleus is in the middle of the body; NI<1, the nucleus 
is posteriorly located in the body; and N1>1, the nucleus is anteriorly located in the body 
(Hoare 1972). When KI=2, the kinetoplast is half way between the posterior and nucleus; 
KI<2, the kinetoplast is closer to the posterior than to the nucleus; and KI>2, the kinetoplast 
is closer to the nucleus than the posterior end of the body (Hoare 1972). 
Differences in morphology between groups of trypanosomes were tested over all 
morphological traits (except the two ratio traits) with multivariate analysis of variance 
(MANOVA), and differences between groups for each trait (including the ratio traits) were 
tested by single factor analyses of variance, using a Bonferroni correction to maintain an 
experiment-wide Type I error rate of 5%. If the MANOVA showed a significant difference 
between groups, then discriminant analysis was used to detect the best combination of 
traits separating the groups. All statistical analyses were conducted with the software JMP 
10.0 SAS (Carey, NC: Institute Inc.). 
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4.2.5 DNA extraction 
Blood collected in EDTA tubes were used for genomic DNA extraction. DNA was extracted 
from 300 µl of host blood using the Wizard® Genomic DNA Purification Kit (Cat# A1125) as 
per the protocol for whole blood extraction (Promega, Wisconsin USA). DNA was eluted in 
60 µl of DNA rehydration solution and stored at -20oC prior to use. A negative control was 
included in each batch of DNA extractions, which contained no blood. 
 
4.2.6 Clade-specific PCR 
Three separate clade-specific nested PCR protocols were used to amplify the trypanosome 
18S rDNA region using primers and PCR reactions as previously described (McInnes et al. 
2011, Botero et al. 2013). However, this study used different PCR conditions for four of the 
primer pairs. For T. copemani external primers (S825F and SLIR) (Botero et al. 2013), the 
pre-PCR step was 1 cycle of 94oC for 5 mins, 50oC for 2 mins and 72oC for 4 mins, followed 
by 35 cycles of 94oC for 30 secs, an annealing temperature of 57oC for 30 secs and an 
extension temperature of 72oC for 2mins 20 secs, with a final step of 72oC for 7 mins. For T. 
copemani internal primers (WoF and WoR) (McInnes et al. 2011) and Trypanosoma Clade B 
external and internal primers (TVEF, TVER, TVIF, TVIR) (Botero et al. 2013), the annealing 
temperature for the 35 cycles was 58oC for 30 secs, while the extension temperature was 
the same but held for only 50 seconds per cycle. Trypanosoma gilletti species-specific 
primer sets were used as previously described (McInnes et al. 2011). 
Four controls were used in every nested PCR and included the negative control from the 
DNA extraction, a primary and a secondary PCR negative control and PCR positive control. 
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All were monitored to ensure reliability of results. PCR products were run on a 1.5% agarose 
gel using SYBR Safe Gel Stain (Invitrogen, California USA) and visualized by illumination with 
UV light. 
 
4.2.7 Sequencing PCR 
A fourth nested PCR was used to amplify positive samples of T. copemani and T. vegrandis 
sp. nov. for sequencing. This technique targeted the 18S rDNA region and used the primers 
and PCR reaction as previously described (Botero et al. 2013) but with different PCR 
conditions for each of the three primer pairs. For the external primers SLF and S762R, the 
pre-PCR step was 1 cycle of 94oC for 5 mins, 50oC for 2 mins and 72oC for 4 mins, followed 
by 35 cycles of 94oC for 30 secs, an annealing temperature of 55oC for 30 secs and 72oC for 2 
mins 20 secs, with a final step of 72oC for 7 mins. For the first pair of internal primers S823F 
and S662R, the annealing temperature for the 35 cycles was 56oC for 30 secs, while for the 
second pair of internal primers S825F and SLIR, the annealing temperature for the 35 cycles 
was 57oC for 30 secs. The combination of these two PCR products amplified a 1410 bp 
amplicon for sequencing. Four controls were used as described above. PCR products were 
run on a 1.5% agarose gel using SYBR Safe Gel Stain (Invitrogen, California USA) and 
visualized by illumination with UV light. 
PCR products of appropriate size were purified using the Agencourt AMPure PCR 
Purification system (Beckman Coulter, California USA) as per the manufacturer’s instructions 
and sequenced using an ABI PrismTM Terminator Cycle Sequencing Kit (Applied Bio-systems, 
California USA) on an Applied Bio-System 3730 DNA Analyser. The resulting sequences were 
then analysed and aligned using ClustalX 2.1. 
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4.3 Results 
4.3.1 Trypanosoma copemani- microscopy and image acquisition 
During the trapping sessions at the UWR, eight of the 15 blood samples examined by 
microscopy were identified positive for T. copemani infections. From these eight infected 
woylies, a total of 110 trypanosomes were identified in the blood smears. All were 
trypomastigote forms and their overall measurements are presented in Table 4.1. The 
trypomastigotes observed were both broad (N=78) (Figure 4.2A) and slender (N=32) (Figure 
4.2B). No divisional stages of the trypanosomes were observed in the blood smears. These 
same eight positive woylies were translocated to the purpose built enclosure at NAR and 
were part of the temporal study undertaken there. 
 
 
Figure 4.2  The different morphological forms of T. copemani identified from the same 
host- (A) broad trypomastigote form; (B) slender trypomastigote form (K= Kinetoplast, N= 
Nucleus, FF= Free Flagellum) 
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When considering the phylogenetic analysis presented by Botero et al. (2013) and the 
sequencing results below, the 110 trypomastigotes measured were separated into two 
groups. The first group was “T. copemani Phenotype 1” (P1) comprising trypomastigotes 
found in Woylie ID: WC2741, WC2830, WC2842, WC2844 & WC2920 and the second was “T. 
copemani Phenotype 2” (P2) comprising trypomastigotes found in Woylie ID: WC2807, 
WC2841 & WC2930. Mean morphological traits for T. copemani P1 (Figure 4.3A) and T. 




Figure 4.3  The different morphological phenotypes of T. copemani identified from 
different hosts- (A) T. copemani Phenotype 1 (P1); (B) T. copemani Phenotype 2 (P2) (K= 
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Table 4.1  Morphological traits of the trypomastigotes of T.copemani (mean 










L 37.34 ± 0.33 (30.25 - 45.19) 36.35 ± 0.35 (30.25 - 45.19) 40.26 ± 0.53 (33.41 - 43.84) 
W 6.12 ± 0.18 (1.15 - 10.23) 5.98 ± 0.21 (1.51 - 10.23) 6.53 ± 0.31 (3.71- 9.24) 
PK 11.44 ± 0.22 (3.93 - 15.89) 11.49 ± 0.27 (3.93 - 15.89) 11.27 ± 0.35 (5.43 - 14.79) 
PN 15.42 ± 0.23 (7.34 - 19.53) 14.98 ± 0.27 (7.34 -19.04) 16.71 ± 0.32 (11.10 - 19.53) 
KN 4.36 ± 0.10 (2.52 - 7.31) 3.92 ± 0.07 (2.52 - 5.80) 5.66 ± 0.17 (4.19 - 7.31) 
NA 15.85 ± 0.23 (9.30 - 22.06) 15.44 ± 0.26 (9.30 - 22.06) 17.06 ± 0.36 (13.15 - 20.91) 
NI 0.98 ± 0.02 (0.39 - 1.42) 0.98 ± 0.02 (0.39 - 1.42) 0.99 ± 0.03 (0.60 - 1.37) 
KI 3.64 ± 0.08 (1.38 - 5.96) 3.85 ± 0.09 (1.38 - 5.96) 3.02 ± 0.10 (1.96 - 4.20) 
FF 8.24 ± 0.19 (3.44 - 12.39) 8.17 ± 0.22 (3.44 - 12.39) 8.44 ± 0.32 (4.38 - 12.35) 
K-l 1.02 ± 0.02 (0.61 - 1.31) 1.06 ± 0.02 (0.76 - 1.31) 0.92 ± 0.04 (0.61 - 1.25) 
K-w 0.71 ± 0.01 (0.50 - 1.00) 0.72 ± 0.01 (0.50 - 1.00) 0.69 ± 0.02 (0.50 - 0.93) 
 
From the MANOVA there was a significant morphological difference between groups (F9,100 
= 22.06, P < 0.0001). Univariate tests found significant differences between groups in KN 
(F1,108 = 131.42), L (F1,108 = 34.10), KI (F1,108 = 22.73), K-l (F1,108 = 13.98), PN (F1,108 = 12.11) and 
NA (F1,108 = 10.60) (P < 0.05 for all tests, with the Bonferroni). Discriminant analysis correctly 
classified 95.5% of the original grouped cases along one canonical discriminant function, 
which loaded most heavily for KN (0.78), L (0.40), K-l (-0.26), PN (0.24) and NA (0.22). 
 
4.3.2 Trypanosoma copemani- PCR and sequencing 
The clade-specific PCR confirmed the presence of T. copemani in the eight woylies at the 
time of translocation from the UWR to NAR. Two distinct genotypes were also identified by 
sequencing, having a 13 base-pair variation over the larger combined 1410 bp amplicon. The 
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grouping of the eight infected woylies based on the two different genotypes was the same 
as the phenotypic grouping presented above. 
The temporal molecular analysis of infected woylies at NAR between April 2010 and April 
2011 indicated that the five woylies infected with T. copemani P1 remained PCR positive 
throughout the study period (Table 4.2). The November 2011 and April 2012 positive 
samples were sequenced and confirmed the continued presence of T. copemani P1. On the 
one and only occasion PCR failed to identify the presence of T. copemani in these five 
woylies (WC2842 during Dec 2011; < 50 µl of blood was collected from this woylie on this 
occasion) microscopy was used alone to confirm the morphological presence of two 
trypomastigotes on the blood slides. 
In contrast, of the three woylies infected with T. copemani P2, two of them (WC2807 and 
WC2930) lost the blood form of the parasite to below PCR detectable levels in the full 300 µl 
of blood from March and April 2012 (Table 4.2). These negative PCR results were supported 
by the absence of trypomastigotes in the thin blood smears when examined by microscopy. 
In an effort to strengthen the reliability of these negative results from March and April 2012, 
nine additional nested PCR reactions were performed on each of the DNA extractions from 
WC2807 and WC2930. All 40 nested PCR reactions returned a negative result. The 
November 2011 and April 2012 positive samples were sequenced and confirmed the 
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Table 4.2  PCR results showing the presence of T. copemani P1 and P2 tested at NAR 
between April 2011 and April 2012- [+] PCR positive for T. copemani; [-] PCR negative for T. 





















WC2741 T. copemani P1 + + + + + + + 
WC2830 T. copemani P1 + + + + + + + 
WC2842 T. copemani P1 + + + +   -*  + 
WC2844 T. copemani P1  + + + + + + 
WC2920 T. copemani P1 + + + + + + + 
WC2807 T. copemani P2 + + - + + - - 
WC2841 T. copemani P2 + + + + + + + 
WC2930 T. copemani P2 + + + + + - - 
 
4.3.3 Trypanosoma vegrandis sp. nov. – microscopy and image acquisition 
During sampling at KWS in February 2012, wet blood mounts were made from four woylies 
previously sampled in September 2011 and shown by PCR to be mono-infected with T. 
vegrandis sp. nov. The movement of this novel motile flagellated trypanosome was 
observed by microscopy as being a characteristic “cork-screw type” action. 
A total of 20 trypanosomes were identified in stained blood smears from these same four 
woylies (Woylie ID: 7199222, 7236356, 7225370 & K734) and measured. All were identified 
as trypomastigote forms (Figure 4.4). The overall measurements of these 20 
trypomastigotes are presented in Table 4.3. 
When considering the phylogenetic analysis presented by Botero et al. (2013) and the 
sequencing PCR results below, the 20 trypomastigotes measured were separated into two 
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groups. The first group was “T. vegrandis sp. nov. Genotype 1” (G1), comprising 
trypomastigotes found from Woylie ID: 7199222 & 7236356 and the second was “T. 
vegrandis sp. nov. Genotype 2” (G2) comprising trypomastigotes found in Woylie ID: 
7225370 & K734. Mean morphological traits for each group are shown in Table 4.3. There 
were no significant differences between groups using all morphological traits in MANOVA 
(F7,12 = 0.97, P = 0.49) or using each trait separately in univariate ANOVAs. This genetically 





Figure 4.4  The morphological form of T. vegrandis sp. nov.- (A) and (B) trypomastigote 
forms (K= Kinetoplast, N= Nucleus, FF= Free Flagellum) 
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Table 4.3  Morphological traits of the trypomastigotes of T. vegrandis sp. nov. (mean 












L 8.30 ± 0.28 (6.92 - 10.50) 8.12 ± 0.31 (6.92 - 10.25) 8.47 ± 0.47 (7.02 - 10.50) 8.85* 
W 1.33 ± 0.04 (1.00 – 1.63) 1.33 ± 0.06 (1.04 – 1.63) 1.33 ± 0.05 (1.00 – 1.57) 1.37± 0.03 (1.32 – 1.41) 
PK 3.26 ± 0.09 (2.71 - 3.87) 3.30 ± 0.12 (2.78 - 3.87) 3.22 ± 0.14 (2.71 - 3.87) 2.95± 0.12 (2.81 – 3.18) 
PN 4.39 ± 0.15 (3.28 – 5.68) 4.28 ± 0.15 (3.28 – 4.78) 4.49 ± 0.26 (3.46 – 5.68) 4.19± 0.16 (3.96 – 4.49) 
KN 1.22 ± 0.07 (0.85 – 1.95) 1.11 ± 0.05 (0.95 – 1.39) 1.34 ± 0.12 (0.85 – 1.95) 1.24± 0.05 (1.15 – 1.31) 
NA 2.16 ± 0.11 (1.56 – 3.27) 2.02 ± 0.12 (1.56 – 2.87) 2.30 ± 0.17 (1.76 – 3.27) 2.62± 0.10 (2.47 – 2.82) 
NI 2.10 ± 0.09 (1.42 – 2.80) 2.18 ± 0.13 (1.59 – 2.80) 2.01 ± 0.13 (1.42 – 2.61) 1.61± 0.11 (1.46 – 1.82) 
KI 3.70 ± 0.15 (2.70 – 4.95) 3.92 ± 0.21 (3.24 – 4.94) 3.47 ± 0.19 (2.70 – 4.95) 3.37± 0.06 (3.25 – 3.44) 
FF 1.86 ± 0.10 (1.24 – 2.88) 1.83 ± 0.17 (1.28 – 2.88) 1.89 ± 0.13 (1.24 – 2.57) 2.40* 
 
 
During the April 2012 sampling at NAR, blood mounts from one woylie known to be PCR 
positive for infections with T. vegrandis sp. nov. (WC2741; Table 4.4) were successfully 
hybridised and stained. Three trypomastigotes were identified by the hybridisation of the 
fluorescence probe in situ (Figure 4.5). The morphological measurements of these three 
trypomastigotes are presented in Table 4.3. 
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Figure 4.5  Fluorescence in situ hybridisation of T. vegrandis sp. nov.- (A) and (B) 
fluorescent trypomastigote forms (K= Kinetoplast, N= Nucleus, FF= Free Flagellum) 
 
4.3.4 Trypanosoma vegrandis sp. nov. - PCR and sequencing 
The clade-specific nested PCR confirmed the presence of T. vegrandis sp. nov. in four 
woylies at KWS (Woylie ID: 7199222, 7236356, 7225370 & K734) during the trapping 
sessions of September 2011 and February 2012. These same four woylies tested negative to 
T. copemani and T. gilletti. Two distinct genotypes were identified by the sequencing of the 
PCR products, the first group was “T. vegrandis sp. nov. G1”, again comprising 
trypomastigotes found in Woylie ID: 7199222 & 7236356 (representing G3 and G6 genetic 
sequences of Trypanosoma Clade B (Botero et al. 2013)). The second group was “T. 
vegrandis sp. nov. G2”, again comprising trypomastigotes found in Woylie ID: 7225370 & 
K734 (representing G4, G5 and G7 genetic sequences of Trypanosoma Clade B (Botero et al. 
2013)). 
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Of the five T. copemani P1 positive woylies at NAR, three of them (WC2741, WC2844 and 
WC2920) were also PCR positive for T. vegrandis sp. nov. Both WC2741 and WC2844 
maintained a consistent mixed infection during the 13 month sampling period (Table 4.4). 
Of the three woylies infected with T. copemani P2, there was only one occasion that T. 
vegrandis sp. nov. was detected by the species-specific PCR as a mixed infection within the 
blood; this being WC2841 in December 2011 (Table 4.4). 
 
Table 4.4  PCR results showing the presence of T. vegrandis sp. nov. tested at NAR 
between April 2011 and April 2012- [+] PCR positive for T. vegrandis sp. nov.; [-] PCR 


















WC2741 T. vegrandis sp. nov. + + + + + + + 
WC2830 T. vegrandis sp. nov. - - - - - - - 
WC2842 T. vegrandis sp. nov. - - - - -  - 
WC2844 T. vegrandis sp. nov.  + + + + + + 
WC2920 T. vegrandis sp. nov. + + + - - + + 
WC2807 T. vegrandis sp. nov. - - - - - - - 
WC2841 T. vegrandis sp. nov. - - - - + - - 
WC2930 T. vegrandis sp. nov. - - - - - - - 
 
All attempts to amplify T. vegrandis sp. nov. in the mixed presence of T. copemani using the 
sequencing PCR protocol failed. Also all attempts to amplify T. vegrandis sp. nov. with the T. 
gilletti species-specific PCR protocol failed. 
 
  
P a g e  | 94 
4.3.5 Description of a new species- Trypanosoma vegrandis sp. nov. 
Based on results presented here we propose the name Trypanosoma vegrandis sp. nov. for 
this morphologically and genetically distinct species found within the woylie. 
Diagnosis: Morphological analysis of various blood forms from the woylie or brush-tailed 
bettong (B. penicillata) including microscopy of live motile bodies, fluorescence in situ 
hybridisation and Modified Wright’s staining of fixed trypomastigotes. Description 
represents a single phenotype encompassing two different genotypes identified by 
phylogenetic analysis of the 18S rDNA and gGAPDH gene (Botero et al. 2013). 
The trypomastigotes of T. vegrandis sp. nov. have a curved body that is drawn out to a 
pointed posterior end. They are a small trypanosome with a smallest recorded length being 
6.92 µm. The width of the trypanosome is about 16% that of its total length and the free 
flagellum is relatively long, being over 20% of the total length. The nucleus is located in the 
anterior half of the body, with the posterior kinetoplast positioned closer to the nucleus 
than to the posterior edge of the body. The distance between the nucleus and kinetoplast is 
about 20% of the body length, when excluding the free flagellum. 
The mean total length of the trypomastigotes found in the blood of the woylie was 8.30 µm 
(range: 6.92 - 10.50 µm), mean width- 1.33 µm (range: 1.00 - 1.63 µm), mean posterior edge 
to kinetoplast distance- 3.26 µm (range: 2.71 - 3.87 µm), mean posterior edge to nucleus 
distance- 4.39 µm (range: 3.28 - 5.68 µm), mean kinetoplast to nucleus distance- 1.22 µm 
(range: 0.85 - 1.95 µm), mean nucleus to anterior edge distance- 2.16 µm (range: 1.56 - 3.27 
µm) and mean free flagellum length- 1.86 µm (range: 1.24 - 2.88 µm). The mean NI index 
was 2.10 µm (range: 1.42 - 2.80 µm) and mean KI index was 3.70 µm (range: 2.07 - 4.95 µm). 
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4.3.6 Taxonomic summary 
Vertebrate Type Host: Brush-tailed bettong (Bettongia penicillata) 
Vertebrate Additional Hosts: Western grey kangaroo, quenda, tammar wallaby, chuditch 
(Botero et al. 2013) 
Invertebrate Vector: Unknown 
Morphological Type Location: Karakamia Wildlife Sanctuary (S31.82073; E116.24604) 
Additional Locations: Upper Warren Region (S34.11528; E116.32362), Native Animal Rescue 
(S31.86677; E115.89072) and Dwellingup, WA 
Site of infection: Blood, brain (results not shown) as well as skeletal muscle, heart, lung, 
oesophagus, tongue, kidney, bone marrow, liver and spleen (Botero et al. 2013) 
Pre-patent and Patent Periods: Unknown 
Subacute Phase: Unknown 
Chronic Phase: Unknown 
Etymology: This species has been given the name vegrandis due to the small size; vegrandis 
is a logical name as it means diminutive, small and tiny. 
 
4.3.7 Mixed Infection- microscopy and image acquisition 
The mixed infection of T. copemani P1 and T. vegrandis identified by molecular 
methodology for Woylie ID: WC2741 at NAR was confirmed by microscopy in April 2012 
during the hybridization and staining procedure. When the fluorescent conditions of Figure 
4.5B were changed to white light microscopy, the field of view contained not only the 
hybridised T. vegrandis (Figure 4.6- circle) but also contained the thin trypomastigote of T. 
copemani P1 (Figure 4.6- arrow). Figures 4.4 and 4.6 also illustrate the varying translucency 
of the T. vegrandis trypomastigote forms when stained. The absence of fluorescence in the 
vicinity of T. copemani in Figure 4.5B confirmed the specificity of the probe. 
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4.4 Discussion 
4.4.1 Trypanosoma copemani morphology  
Overall, T. copemani trypomastigotes in the blood of woylies were characterised by a long 
curved body. The nucleus, on average, was near the centre of the body and the posterior, 
oval-shaped kinetoplast was positioned closer to the nucleus than to the posterior edge of 
the body. A free flagellum was present and was about 20% of the total length. The two 
phenotypes of T. copemani were distinguished by the statistically significant differences in a 
number of morphological traits, in particular the distance between the nucleus and 
kinetoplast. The KN distance for P1 was 3.92 ± 0.07 µm and for P2 was 5.66 ± 0.17 µm. The 
different KN distances were not believed to be an artefact as all blood smears were made in 
exactly the same manner and the phenotypic grouping of the eight woylies at NAR matched 
exactly with the genotypic grouping of these same woylies. 
From the T. copemani measurements, we suggest that the different thicknesses observed 
represent different life stages of the trypanosome within the host, as both broad and 
slender forms were observed simultaneously within individual P1 and P2 infected hosts. We 
believe that the broad trypomastigote was the blood form responsible for the reproductive 
phase (71% of trypomastigotes measured) and the slender trypomastigote was the 
transmission-ready form. Similar size variations of the trypomastigote blood forms have 
been observed in various mammalian hosts and includes T. lewisi, T. musculi, T. evotomys 
and T. zapi (Hoare 1972). Varying trypomastigote thickness was also observed in the 
Gilbert’s Potoroo (Potorous gilbertii), with T. copemani trypomastigotes grouped as slender, 
medium and broad (Austen et al. 2009). 
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There appears to be host-induced morphological variation of trypanosomes found infecting 
wildlife. The morphology of T. copemani observed in the woylie, for example, differs to that 
of T. copemani found in Gilbert’s potoroo, being relatively longer and thinner. The smallest 
length recorded in the woylie was 30.25 µm, while in the potoroo it was 25.0 µm and the 
widest length recorded in the woylie was 10.23 µm, while in the potoroo it was 15.4 µm 
(Austen et al. 2009). Other dissimilarities included a larger PK mean in the woylie (11.44 µm 
compared to 8.1 µm in the potoroo), a smaller KN and FF mean in the woylie (4.36 µm and 
8.24 µm compared to 5.8 µm and 10.8 µm respectively in the potoroo) (Austen et al. 2009). 
Also dividing trypomastigotes of T. copemani were identified in the potoroo (Austen et al. 
2009), whereas we failed to locate any divisional forms in the woylies. Compared to T. 
copemani in the quokka (Setonix brachyurus), trypomastigotes of T. copemani in the woylie 
were wider (6.16 µm compared to 4.2 µm in the quokka), had a larger PK and NA mean 
(11.44 µm and 15.85 µm compared to 6.5 µm and 13.7 µm respectively in the quokka) and a 
smaller KN and FF mean (4.36 µm and 8.24 µm compared to 5.9 µm and 12.1 µm 
respectively in the quokka) (Austen et al. 2009). This polymorphism emphasises the 
importance of using both morphological and genetic criteria in describing trypanosomes 
from wildlife. 
The two morphological phenotypes of T. copemani described in the present study, P1 and 
P2, correspond to Clade A Genotypes 1 and 2 respectively, of which only P2 (≈ G2) has the 
ability to invade and divide within the cells of the host (Botero et al. 2013). Two woylies, 
which were sampled over time at NAR (WC2807 and WC2930), appeared to lose their 
infection with T. copemani P2; this was based on the lack of PCR detection of trypanosomes 
in the peripheral blood. This may be because the infection became localised to the tissues of 
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the host. In contrast, woylies infected with T. copemani P1, including those concurrently 
infected with T. vegrandis consistently maintained detectable levels of T. copemani P1 
during this study. Due to our small samples sizes for these observations, further work is 
required to determine if T. copemani P1 is capable of infecting tissues, which may indicate a 
significant difference in virulence potential between the two forms of T. copemani. 
The chronic effect of T. copemani P2 within the woylie remains unknown. However, it has 
been hypothesised from histopathological observations that when T. copemani P2 invade 
host cells as part of the life cycle in the woylie, it may initiate a strong inflammatory 
response of the host, with significant tissue degeneration occurring in the heart, 
oesophagus, kidney and tongue (Botero et al. 2013). The pathological lesions and tissue 
degeneration observed within infected woylies with T. copemani P2 show similarities to the 
pathological changes observed in infected opossums with T. cruzi (Teixeira et al. 2006, 
Botero et al. 2013). Overtime these pathological changes to the woylies may reduce its 
fitness and be a contributing factor during its recent decline. 
 
4.4.2 Trypanosoma vegrandis morphology  
The naming of T. vegrandis was supported by microscopic visualisation of live motile stages, 
Modified Wright’s stained trypomastigotes and hybridised forms stained with a species-
specific fluorescent probe. It is also complemented by the genetic amplification using 
species-specific Trypanosoma Clade B primers, the failure of the T. vegrandis species-
specific fluorescent probe to hybridise to T. copemani (Figure 4.5B & 4.6), and failure of 
genetic amplification using the T. gilletti species-specific primers. 
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In spite of the genetic variability seen in the phylogenetic analysis of Trypanosoma Clade B 
by Botero et al. (2013) we observed morphological uniformity, grouping the genetic 
sequences of Trypanosoma Clade B G3 – G7 together as a single morphological phenotype. 
This provides further support that the description of a trypanosome species should not be 
based on morphology alone, due to the polymorphic nature of the trypomastigotes in the 
blood (as discussed above with T. copemani in different hosts). As such, further studies are 
required to determine whether T. gilletti has morphological affinities with T. vegrandis, 
since T. gilletti was described solely on genetic data (McInnes et al. 2010). 
The morphology of T. vegrandis has been elusive since its molecular identification and in 
hindsight, is not surprising that it was not detected in previous studies when its small size 
and translucent nature are taken into account. We now know that T. vegrandis is the most 
prevalent trypanosome within this sub-population of woylies at KWS (see Section 5.3.4) but 
may well have been overlooked in previous surveys at KWS (Smith et al. 2008) and other 
locations (Averis et al. 2009, Paparini et al. 2011), because of the limitations of the 
molecular tools used at the time. 
Another reason for the absence of previous morphological observations may be the critical 
timing between blood collection and fixation of the slide. We believe that the slides need to 
be fixed and stained within the 24 hour period after blood collection. Increasing the time for 
fixation of the blood slide results in a degradation of T. vegrandis, to a point where it is no 
longer detectable by microscopy (unpublished data). This was the case for samples collected 
at KWS in September 2011 where 22 PCR-positive blood smears were collected, and were 
fixed and stained four weeks later. By this time no morphological forms of T. vegrandis were 
identified by microscopy. It is therefore possible that this may have been the case for the 
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molecular-based reports of T. gilletti from koalas and T. gilletti-like trypanosomes from 
woylies where no morphological forms were identified (McInnes et al. 2010, Paparini et al. 
2011). 
Overall, the trypomastigotes of T. vegrandis in the blood of woylies were approximately 20% 
the length of T. copemani, with a minimum length of 6.92 µm. The previous smallest 
reported individual trypomastigote lengths that we found were for T. congolense and T. 
simiae, both with a minimum length of 8 µm (Hoare 1972). Trypanosoma vegrandis is 
believed to be one of the smallest trypanosomes reported infecting mammals (Hoare 1972, 
Kingston and Morton 1975, Riedel 1975, Upton et al. 1989, Bettiol et al. 1998, Karbowiak 
and Wita 2004, Hamilton et al. 2005b, Hatama et al. 2007, Sato et al. 2007, Austen et al. 
2009, Madeira et al. 2009, McInnes et al. 2009, McInnes et al. 2010). Using the smallest 
length of both T. vegrandis and T. copemani from this study and the comprehensive analysis 
of trypanosome species complied by Hoare (Hoare 1972), Figure 4.7 compares the smallest 
individual recorded length for each sub-genus, as well as the mean of the smallest recorded 
lengths of the species within each sub-genus (N=104). 
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Figure 4.7  Smallest reported length and average smallest length of the species within 
each subgenus of Trypanosoma (Hoare 1972), T. copemani and T. vegrandis 
 
Trypanosoma copemani was grouped within the subgenus T. (Herpetosoma) due to the long 
free flagellum, oval kinetoplast, and the relatively large distance between the kinetoplast 
and nucleus (Austen et al. 2009). Surprisingly, similar morphological ratios of T. vegrandis 
are reported here. Apart from the very small size of T. vegrandis, all of the body proportions 
(except for the NI index) are similar to that of T. copemani, with a relatively long free 
flagellum and a relatively large distance between the kinetoplast and nucleus. At this stage 
it is very difficult to assign T. vegrandis to a subgenus. The phylogenetic analysis of the 18S 
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al. 2013) (both reported as stercorarian trypanosomes (Hoare 1972, Austen et al. 2011)), 
and therefore, T. vegrandis may also be a stercorarian trypanosome. Further work is (Hoare 1972, Boter o et al. 2013 ) 
required to understand the transmission dynamics from vector to host, along with the life 
cycle of the trypanosome in the vector before this can be commented on further. 
 
4.5 Conclusion 
In this report we describe the morphological polymorphism of T. copemani, including the 
different trypomastigote phenotypes from the blood of woylies. We also provide the first 
morphological observations and taxonomic description of trypanosomes from a new 
genetically diverse clade, for which we propose the name T. vegrandis. Up until now this 
small trypanosome has only been identified by PCR from a variety of hosts, including the 
woylie. Using fluorescence in situ hybridisation and light microscopy, we described a mixed 
trypanosome infection in a woylie, with both T. copemani and T. vegrandis observed. The 
temporal reduction of T. copemani P2 in the peripheral blood of the woylie and its ability to 
invade cells may suggest that this more virulent phenotype could become localised within 
the tissues of the host. Over time, tissue degeneration of the host could result in an overall 
reduced fitness, making the woylie more susceptible to predation in the wild.
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Chapter 5 – Temporal and spatial dynamics of 
trypanosomes infecting the brush-tailed bettong 
(Bettongia penicillata); a cautionary note of disease-
induced population decline 
          (Appendix 5) 
 
5.1 Introduction 
Trypanosomes of humans and livestock have been intensely studied because of their 
potential to cause death, sickness and reduce economic gain. In contrast, the trypanosomes 
of Australian wildlife have been largely neglected. Of the approximately 120 described 
Trypanosoma species known to infect mammals around the world by 1972, only 4% (4 
native and 1 exotic) had been identified in native Australian mammals (Mackerras 1959, 
Hoare 1972). However, as an increasing number of Australian mammal species suffer from 
the risk of extinction, there has been a renewed interest in the identification and 
understanding of these parasites (Smith et al. 2008, Averis et al. 2009, Thompson et al. 
2009, Botero et al. 2013, Thompson et al. 2013, Thompson et al. 2014). The potential for 
diseases (such as those caused by trypanosomes) to reduce the fitness of wildlife hosts and 
influence their population decline is of particular concern (Wayne et al. 2011, Wayne et al. 
2013b), especially given recent evidence linking Trypanosoma lewisi with the extinction of 
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two native rodent species (Rattus macleari and Rattus nativitatis) on Christmas Island 
(Pickering and Norris 1996, Wyatt et al. 2008, MacPhee and Greenwood 2013).  
One such mammal on the brink of extinction is the critically endangered brush-tailed 
bettong or woylie (Bettongia penicillata), which is host to three different trypanosomes 
(Trypanosoma vegrandis, Trypanosoma copemani and Trypanosoma sp H25), two strains of 
T. copemani that vary in virulence (T. copemani P1 and P2) and an ectoparasitic tick (Ixodes 
australiensis) that may be a vector of T. copemani (with transmission possibly occurring via 
the faecal-oral route) (Austen et al. 2011, Botero et al. 2013, Thompson et al. 2013). 
Remaining indigenous woylie populations currently occupy less than 1% of their former 
range and are restricted to two locations in southern Western Australia (WA), namely 
Dryandra Woodland and the Upper Warren region (UWR) (Lomolino and Channell 1995, 
Claridge et al. 2007, Freegard 2007, De Tores and Start 2008, Wayne 2008, Groom 2010, 
Richardson 2012). The UWR woylie population, which represent about 74% of the remaining 
indigenous individuals, have recently been identified as two genetically distinct and isolated 
populations; these include the Kingston population (KP) in the west and the Perup 
population (PP) to the east (Pacioni et al. 2011, Wayne et al. 2013a) (Figure 5.1). Up until 
recently, Tutanning Nature Reserve was considered the fourth small population of 
indigenous woylies; but it is now considered extinct (Wayne et al. 2013a).  
In spite of conservation efforts, woylies have declined by approximately 90% at a species 
level since 1999 (Wayne et al. 2013a). The reason(s) for the recent declines remain 
unknown; however, the spatio-temporal pattern to the declines is one of the lines of 
evidence that indicates that disease may have contributed by making woylies more 
vulnerable to predation or to other, as yet unidentified, stressors (Wayne et al. 2011, Wayne 
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et al. 2013b). In an effort to ensure the survival of the species, large enclosures were 
constructed to allow ‘insurance populations’ of woylies to breed within a predator free 
environment. Two such examples of these enclosures include the newly constructed and 
stocked Perup Sanctuary (PS) (420 ha enclosure) and the well-established Karakamia 
Wildlife Sanctuary (KWS) (285 ha enclosure), both located in WA (Thompson et al. 2013, 
Wayne et al. 2013b) (Figure 5.1).  
The trypanosomes of the woylie are suspected of playing a role in the recent decline of their 
host. An association was identified linking the intracellular stage of T. copemani to the 
changes to the smooth and cardiac muscles of the woylie, with characteristics of infection 
reportedly similar to Chagas disease in humans (Botero et al. 2013). In this study, we 
examined the spatial and temporal dynamics of T. vegrandis, T. copemani and T. sp. H25 
infections in five different woylie populations in WA (Figure 5.1). The first study location was 
Native Animal Rescue (NAR), where a small captive colony was intensely monitored for two 
years. The remaining four locations (which include the neighbouring indigenous KP and PP 
within the UWR, the newly stocked PS, and KWS) were each monitored over a 19 month 
period. To improve our understanding of these trypanosomes, we monitored changes in 
infection dynamics over time, the interaction of co-infections and their potential to 
influence the recent population declines of the host. 
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5.2 Methods 
5.2.1 Sample collection and preparation 
Sheffield traps were used to capture woylies from five locations in WA (Figure 5.1). Traps 
were baited with a mixture of rolled oats, peanut butter and sardines and were set prior to 
dusk and checked at first light the following morning. The first study location was at NAR, 
where 16 woylies were sampled monthly between March 2010 and February 2013 (with no 
samples collected during January 2013). These 16 woylies were sourced from three 
locations; four from KP, four from PP (as below) and eight from a private enclosure at 
Roleystone (Figure 5.1). All eight of the Roleystone woylies were PCR negative to 
trypanosomes at the time of transfer (using PCR methods described below). The next two 
study locations were the KP and PP within the UWR. Both indigenous populations were 
sampled on six separate occasions each between October 2010 and April 2012. Woylies 
caught during the second session at both of these locations were used to stock the newly 
constructed PS. Sequential sampling of woylies within the PS (the fourth study location) was 
conducted on four additional occasions between February 2011 and April 2012. The final 
study location was at KWS, with woylies sampled on five separate occasions between 
September 2010 and February 2012. Estimated and known stocking sizes of each population 
are presented in Table 5.1.  
The woylies were managed and handled using procedures approved by the Murdoch 
University Animal Ethics Committee (AEC number: W2350-10) and Department of Park and 
Wildlife Animal Ethics Committee (AEC number: DPaW 2010/36) in compliance with the 
Australian Code of Practice for the use of Animals for Scientific Purposes. 
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Figure 5.1  Sample locations in Western Australia - ‘bold’ denotes an indigenous population 
and ‘italics’ denotes an enclosed population 
 
 
Table 5.1  Estimated and known stocking sizes of the five populations sampled 
 
Study Populations Estimated / Stocking size 
Kingston Population (KP) Collectively (KP + PP), an estimated 8300 woylies 
in these two neighbouring populations* Perup Population (PP) 
Perup Sanctuary (PS) Stocked 41 woylies 
Karakamia Wildlife Sanctuary (KWS) Estimated 500 woylies * 
Native Animal Rescue (NAR) Stocked 16 Woylies 
* Source Wayne et al. (2013a) 
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Individual woylies were identified by either an ear tag or a Permanent Integrated 
Transponder (PIT) number to ensure that blood was only extracted once per trapping 
session. Using a 25G x 5/8” needle and 1ml syringe, 300 µl of blood was collected from the 
lateral caudal vein of each woylie and placed into a MiniCollect 1ml EDTA tube (Greiner bio-
one, Germany) to prevent clotting and kept at 4oC for DNA extraction and PCR. After blood 
collection, all woylies were released at the point of capture, except for 54 woylies captured 
in the UWR during November and December 2010.  
Of these 54 woylies from the UWR, 41 woylies (9 KP and 32 PP woylies) were translocated 
to PS and were the founding individuals within this enclosure. Five (2 KP and 3 PP woylies) 
were translocated to the Perth Zoo as part of an unrelated project. The remaining eight 
individuals (4 PP and 4 KP woylies) were translocated to NAR after they were identified as 
being naturally infected with trypanosomes by microscopy (Thompson et al. 2013).  
In addition to the founding woylies at PS and NAR, ‘first-generation’ sub-adult woylies born 
within the enclosures were also sampled. Twenty-nine first-generation woylies were tested 
at PS, with an additional 29 tested at NAR. All of the first-generation woylies at NAR were 
relocated once they were independent of their mother, and were no longer part of this 
study. 
On a single occasion at NAR, an injured adult woylie (origin: PP) was captured. This woylie 
had lost significant body mass and was euthanized following examination by qualified 
veterinary staff. Tissue samples were collected during autopsy and were taken from near 
the center of each organ before being stored in 70% ethanol. 
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5.2.2 DNA extraction 
Blood collected in EDTA tubes was used for genomic DNA extraction, along with tissue 
samples from the single dead woylie from NAR. DNA was extracted from 300 µl of host 
blood and 10-20 mg of host tissue using the Wizard® Genomic DNA Purification Kit (Cat# 
A1125) as per the protocol for whole blood extraction and animal tissue (Promega, 
Wisconsin USA). DNA was eluted in 60 µl of DNA rehydration solution and stored at -20oC 
prior to use. A negative control was included in each batch of DNA extractions that 
contained neither blood nor tissue. 
 
5.2.3 Species / clade-specific PCR 
Three separate species / clade-specific nested PCR protocols were used to amplify the 
trypanosome 18S rDNA region. Trypanosoma vegrandis (TVEF, TVER, TVIF and TVIR) and T. 
copemani (S825F, SLIR, WoF and WoR) species-specific PCR primers and PCR reactions were 
used as previously described by Thompson et al. (2013). Trypanosoma sp. H25 clade-specific 
PCR primers (H25EF, H25ER, H25IF and H25IR) and PCR reactions were used as previously 
described by Botero et al. (2013). Four controls were used in every nested PCR and included 
the negative control from the DNA extraction, a primary and a secondary PCR negative 
control and PCR positive control. Each control was monitored to ensure reliability of results. 
PCR products were run on a 1.5% agarose gel using SYBR Safe Gel Stain (Invitrogen, 
California USA) and visualized by illumination with UV light. 
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5.2.4 Analysis 
For the analyses, data were sorted into seasons, with summer being December, January and 
February; autumn being March, April and May; winter being June, July and August; and 
spring being September, October and November.  
A generalised linear mixed effects (glmer) model was used to test the effects of location, 
season and time on the infection state of woylies, separately for each of the different 
species of Trypanosoma. For each species of Trypanosoma, infection state (0 (uninfected) 
and 1 (infected)) was the dependent variable, and location and season were the 
independent factors. Individual ID was also included as a random effect to account for 
repeated measures on individuals, and the models had a binomial error distribution.  
To investigate what factors influenced the incidence of new infections (changes in infection 
state) a generalised linear model (glm) was used to test the effects of location, season and 
prior infection status on the incidence of new infections. The last record for each individual 
was selected (so there were no repeated measures of individuals – the data were too over-
dispersed to use the glmer models with a binomial error distribution), and categorised 
infection change as 1 for a new infection, and a 0 as no change or infection lost (as the 
factors influencing loss of infection in this analysis were not of interest). Infection change 
was the dependent variable, and location, and prior infection state with each of the other 
Trypanosoma species were included as independent factors in our analysis. A quasi-binomial 
error distribution was used and we tested the significance of the effects with a chi-squared 
test. For these analyses, only individuals that had been recaptured were included.  
All the analyses were performed in the R statistical software (R-Core-Team 2013), using the 
packages lme4 (Bates and Sarkar 2007) and car (Fox and Weisberg 2011). 
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5.3 Results 
5.3.1 Overall trypanosome prevalences 
During the 29 months of woylie sampling at the five locations in WA, a total of 881 blood 
samples were collected from 262 individuals (with these same blood samples contributing 
to the temporal and spatial results below). Of these 262 individuals, 134 (51.1%) were 
sampled only once, while the remaining 128 individuals (48.9%) were sampled two or more 
times.  
Trypanosomes were identified, at least once, from 121 (46.2%, CI95 = 43.1 – 49.3%) 
individuals. For an individual, a single infection of T. vegrandis was more common than T. 
copemani, while T. sp. H25 was relatively uncommon (Figure 5.2). For an individual with a 
mixed infection, T. vegrandis and T. copemani co-infections were more common than T. 
vegrandis and T. sp. H25 (Figure 5.2). No individuals were identified with a co-infection of T. 
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Figure 5.2  Trypanosome prevalence of infected woylies only (N= 121) from the five study 
sites (with uninfected woylies not graphically represented)- where a host was recorded as 
either infected or co-infected if it tested positive to a Trypanosoma sp. or multiple 
Trypanosoma spp. at least once during the study period 
 
5.3.2 Temporal dynamics of trypanosome infections at NAR 
During the intensive study of captive woylies at NAR, a total of 167 blood samples were 
collected from the eight trypanosome positive woylies that originated from KP and PP. Of 
these 167 samples, T. vegrandis was detected a total of 42 times (25.1%, CI95 = 21.8 – 
28.5%) from five individuals only and T. copemani was detected a total of 131 times (78.4%, 
CI95 = 75.3 – 81.6%) from all eight individuals. Trypanosoma sp. H25 was absent from NAR.  
The molecular identification of trypanosomes from the peripheral blood was not always 
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eight woylies that were translocated from KP and PP, a total of 36 blood samples were 
collected (from five individuals only) that tested PCR negative to T. copemani. In 36% of 
these PCR negative cases, the sequential blood sample that followed tested positive to T. 
copemani, with these same five individuals each testing positive to T. copemani again after 
their initial negative result. Following the initial identification of T. vegrandis from five of the 
eight woylies that originated from KP and PP, a total of 45 blood samples were collected 
that tested PCR negative to T. vegrandis. In 38% of these PCR negative cases, the sequential 
blood sample that followed tested positive to T. vegrandis, with four of these five 
individuals testing positive to T. vegrandis again after their initial negative result. 
The prevalence of T. copemani positive blood samples was observed to decline with each 
passing season (X2 = 9.31, df = 1, P = 0.002), and was significantly different to T. vegrandis 
(X2 = 46.6, df = 1, P < 0.001) (Figure 5.3). When the eight infected woylies at NAR were 
separated into the two morphological phenotypes of T. copemani (where T. copemani P1 
and P2 corresponds to Clade A Genotypes 1 and 2 respectively (Botero et al. 2013, 
Thompson et al. 2013)) there was a significant effect of time on T. copemani P1 and P2 
infection prevalence (X2 = 23.67, df = 1, P < 0.001), but there was no significant interaction 
between phenotypes and time (X2 = 0.80, df = 1, P = 0.371). Both phenotypes were observed 
to decline with each passing season, with the rate of decline appearing faster for T. 
copemani P2 than that of T. copemani P1 (Figure 5.4). 
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Figure 5.3  Prevalence of T. vegrandis and T. copemani from the peripheral blood of the 
eight infected woylies at NAR during successive seasons- where each of the eight hosts was 
tested up to three times per season for both trypanosomes species, and the mean infection 
state (0(uninfected) and 1(infected)) was calculated for each season (± CI95) 
 
Figure 5.4  Decline in prevalence of T. copemani P1 and P2 from the peripheral blood of 
the eight infected woylies at NAR during successive seasons- where each of the eight hosts 
was tested up to three times per season for T. copemani, and the mean infection state 
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Of the remaining 37 woylies at NAR (8 Roleystone and 29 first-generation), the initial blood 
sample collected from each individual was PCR negative to the three different 
trypanosomes. Over the course of this investigation, five woylies that originated from 
Roleystone and seven first-generation woylies later tested positive to T. copemani. When 
taking into account the prevalence of trypanosome infections for all 45 woylies sampled at 
NAR, no significant linear relationships were evident on seasonality or time for either T. 
vegrandis (seasonality: X2 = 2.14, df = 3, P = 0.543; time: X2 = 0.60, df = 1, P = 0.439) or T. 
copemani (seasonality: X2 = 1.79, df = 3, P = 0.616; time: X2 = 0.44, df = 1, P = 0.505). The 
overall prevalence of trypanosome positive blood samples (T. vegrandis and T. copemani) 
was temporally inconsistent with the passing of each season (Figure 5.5). 
Both T. vegrandis and T. copemani were detected from different organs of the single 
euthanised woylie from NAR. The organs tested for the three different trypanosomes are 
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Figure 5.5  Overall trypanosome prevalence (T. vegrandis and T. copemani) from the 
peripheral blood of 45 woylies at NAR during successive seasons- where each of the 45 
hosts was tested up to three times per season for both trypanosomes species, and the mean 
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Table 5.2  Trypanosoma vegrandis, T. copemani and T. sp. H25 infected organs of the 
euthanised woylie at NAR  
 
 Organs T. vegrandis T. copemani T. sp. H25 
Blood √ √ x 
Bone Marrow √ √ x 
Brain √ √ x 
Diaphragm √ x x 
Heart √ √ x 
Kidney √ √ x 
Liver √ √ x 
Lung √ √ x 
Oesophagus √ x x 
Skeletal Muscle √ x x 
Spinal Cord √ √ x 
Spleen √ √ x 
Tongue √ √ x 
 
 
5.3.3 Temporal dynamics of trypanosome infections at KP, PP, PS and KWS 
Of the woylies caught two or more times from KP, PP, PS and KWS, eight individuals (four 
from PP, two from PS, and two from KWS) tested simultaneously positive to T. vegrandis 
and T. copemani after testing negative to trypanosomes in the previous sample period; two 
individuals (both from PP) tested positive to T. vegrandis and T. copemani after testing 
positive to T. copemani only the sample period prior; and five individuals (two from PP, and 
three from KWS) tested positive to both T. vegrandis and T. copemani upon their initial 
blood sample. Overall, there was a significant effect of the initial T. vegrandis infection on 
the subsequent likelihood of a co-infection with T. copemani (X2 = 3.16, df = 95, P = 0.009) 
when taking into account all of the T. vegrandis infected individuals caught two or more 
times during this study. 
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All nine woylies that were transferred from KP to PS tested negative to trypanosomes at the 
time of translocation. During the following 16 months, only one of these nine woylies tested 
positive for trypanosomes; this being a single identification of T. copemani. Of the 32 
woylies transferred from PP to PS, 26 of them tested negative to trypanosomes at the time 
of translocation. When re-tested at a later date, thirteen of these woylies tested positive to 
trypanosomes; three were infected with T. vegrandis only, five with T. copemani only, three 
with T. sp. H25 only and two individuals tested simultaneously positive to T. vegrandis and 
T. copemani. 
 
5.3.4 Spatial variation of trypanosome infections 
Prevalence of trypanosome infections from each of the five study sites are presented in 
Table 5.3. The prevalence of T. vegrandis was significantly different between sites PP, PS and 
KWS (X2 = 65.19, df = 2, P < 0.001), as was T. copemani between sites KP, PP, PS and KWS (X2 
= 36.63, df = 3, P < 0.001). Of the five sites, the indigenous KP had the lowest prevalence of 
trypanosome infection, with only 5% of the population infected with T. copemani. In 
contrast, the neighbouring PP population had the highest prevalence of T. copemani, with 
45% of the population infected with this trypanosome. KWS had the highest prevalence of T. 
vegrandis, with over 73% of the enclosed population infected with this trypanosome. Of 
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T. vegrandis T. copemani T. sp. H25 
T. vegrandis & 
T. copemani 
T. vegrandis 




(48.1 – 63.0) 
0 % 
33.3 % 
(26.2 – 40.4) 
0 % 
11.1 %  





(89.1 – 97.0) 
0 % 
4.7 %  
(1.4 – 7.9) 
2.3 %  
(0.0 – 4.7) 




(48.1 – 58.9) 
1.1 %  
(0.0 – 2.3) 
25.6 %  
(20.8 – 30.3) 
0 % 
19.8 % 





(66.0 – 76.9) 
2.9 %  
(0.9 –4.9) 
18.5 % 
(13.9 – 23.3) 
4.3 %  
(1.8 –6.7) 






(17.3 – 27.5) 
64.2 % 
(58.3 – 70.1) 
0 % 0 % 
8.9 %    
(5.4 – 12.5) 
4.5 %  
(1.9 – 7.0) 
 * KP + PP = UWR 
5.4 Discussion 
5.4.1 Overall 
Almost half of the individual woylies tested during this study were infected with 
trypanosomes, with a varying spatial pattern of infection identified from each of the study 
locations. More woylies at the UWR (KP and PP) were infected with T. copemani than at 
KWS, while all of the infected woylies at KWS were infected with T. vegrandis. Detailed 
observations from the captive colony of woylies at NAR suggest that for an established 
infection, the parasitaemia of T. copemani was temporally inconsistent during the longevity 
of infection. The molecular identification of T. copemani in the peripheral blood of the 
woylie declined over time, with the more virulent strain of T. copemani appearing to regress 
at a faster rate than the less virulent strain. A similar temporal decline was not evident with 
T. vegrandis.  
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5.4.2 Temporal fluctuation in chronic trypanosome infections 
The more virulent T. copemani P2 (which corresponds to Clade A Genotype 2 (Thompson et 
al. 2013)) appeared to decline at a faster rate than T. copemani P1 (Figure 5.4). This more 
virulent strain of T. copemani is genetically and morphologically distinct to T. copemani P1 
and has been linked with pathological changes (including strong inflammatory processes) 
and tissue degeneration to the muscles of infected woylies, with reported characteristics 
being similar to those of Chagas disease in humans (Botero et al. 2013, Thompson et al. 
2013). The small sample size of this study (P1 (N = 5); P2 (N = 3)) limited our statistical 
power to detect a significant difference between these two phenotypes, with further 
research required to investigate the significance of this relationship. 
The temporal reduction of T. copemani in the peripheral blood may be indicative of an 
infection transitioning from the acute to chronic phase, after which, the molecular detection 
of trypanosomes may become inconsistent. During the acute phase of infection, when 
parasitaemia in the peripheral blood is high, two different morphological forms of T. 
copemani are identifiable in the woylie: broad and slender trypomastigotes (Thompson et 
al. 2013). No divisional stages of this parasite have been observed in the peripheral blood of 
the woylie, despite an extensive morphological investigation (Thompson et al. 2013). 
Dividing trypomastigotes, which are essential for maintaining the infection within the 
woylie, may be confined to the internal organs of the host, similar to Trypanosoma grosi 
within the Mongolian jird (Meriones unguiculatus), where dividing forms have been 
identified within the capillaries of the kidneys long after trypomastigote detection ceased 
from the peripheral blood (Sato et al. 2003). 
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Inconsistent detection of the parasite from the peripheral blood, as was observed in this 
study, would appear to coincide with transition to the chronic phase, with localization of 
these trypanosomes in the capillaries and/or cells associated with the internal organs. The 
chronic localization of trypanosomes has previously been demonstrated for the woylie; a 
molecular analysis of three deceased individuals identified trypanosomes associated with 
the tissues of the internal organs, while being absent from the peripheral blood (Botero et 
al. 2013). In the current study, both T. copemani and T. vegrandis were identified from 
tissue samples, including the heart, bone marrow, kidney, brain and spinal cord; with the 
latter two organs being identified positive for the first time. While T. copemani was not 
identified from the oesophagus or skeletal muscle in this study, a predilection for these 
organs has previously been demonstrated from other woylies (Botero et al. 2013). The 
localisation of trypomastigotes within the internal organs of the woylie may be a very 
important phase for maintaining infection within the host, but as a consequence may be 
chronically pathogenic, adversely affecting the fitness and coordination of the host. 
The association of T. copemani with the capillaries and/or cells of internal organs could be 
responsible for digestive manifestations identified from woylies of ill health. In a newspaper 
article from ‘The Western Mail’ in 1930, Mr. T. Smith of Kalgoorlie commented that he could 
assure that disease did get amongst the kangaroo rat [woylie], killing them off in great 
numbers, with dying individuals having growths in their throats that appeared to interfere 
with the ability to swallow (Glauert 1930). These digestive growths identified by Mr T. Smith 
could have resulted from the same strong inflammation processes identified during 
histopathological examinations of tissues from the oesophagus and tongues of woylies 
infected with T. copemani (Botero et al. 2013). Much like the demonstrated capability of 
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Trypanosoma lewisi to influence population change on Christmas Island (Rattus macleari 
and Rattus nativitatis), (Pickering and Norris 1996, Wyatt et al. 2008, MacPhee and 
Greenwood 2013) the association of T. copemani with the recent woylie decline may be 
another similar case. However, further research is needed to investigate whether the 
histopathological association of T. copemani with the internal organs of the woylie 
(including tissue degeneration and a strong inflammatory process) has altered the long term 
health of the host and influenced the recent decline, or is a result of other, as yet 
unidentified, stressors. Future investigations will need to be undertaken to monitor woylie 
health (over multiple generations and from several different populations) and correlate 
these parameters with pathological data, such as haematopathology, histopathology and 
clinical pathology.  
Trypanosoma copemani has a broad host range, which also includes the Gilbert’s potoroo 
(Potorous gilbertii), quokka (Setonix brachyurus), koala (Phascolarctos cinereus), common 
wombat (Vombatus ursinus), common brush-tailed possum (Trichosurus vulpecular), tiger 
quoll (Dasyurus maculates) and southern brown bandicoot (Isoodon obesulus) (Bettiol et al. 
1998, Noyes et al. 1999, Austen et al. 2009, McInnes et al. 2010, Botero et al. 2013). Its 
geographic range is also the largest of the native Australian trypanosomes and includes WA, 
Queensland, New South Wales, Victoria and possibly Tasmania (Bettiol et al. 1998, Noyes et 
al. 1999, Clark and Spencer 2006, Smith et al. 2008, Austen et al. 2009, McInnes et al. 2010, 
McInnes et al. 2011, Botero et al. 2013, Thompson et al. 2013, Thompson et al. 2014). If T. 
copemani has had a chronic effect upon the fitness and coordination of the woylie, and has 
been influential during the recent declines, then it is reasonable to question whether this 
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same parasite has inflicted similar pathological changes and tissue degeneration in its other 
host species.  
 
5.4.3 Temporal dynamics of infection in wild woylie populations 
In 2008, the initial temporal study that investigated trypanosomes from the UWR woylies 
reported an overall prevalence of infection of 35% (CI95 = 28 - 42%) for samples collected 
between autumn 2006 and spring 2007 (Smith et al. 2008). However, a limitation of the 
single molecular protocol used in 2008 was that trypanosome co-infections were 
undetectable. Since then, three separate molecular protocols have been developed, which 
can independently identify T. vegrandis, T. copemani and T. sp. H25 (Botero et al. 2013). 
Using these new molecular protocols, the samples collected by Smith et al. (2008) were re-
analysed, and were pooled with UWR samples collected between autumn 2008 to spring 
2009 (Botero pers. comm.); the overall prevalence of trypanosome infection from the UWR 
woylies had increased to 88% (Botero et al. 2013). Using the same updated molecular 
protocols, we have identified a drop in the trypanosome prevalence since 2010, to 
approximately 33% (CI95 = 29 - 37%) for the UWR woylies (where UWR = KP + PP).  
This temporal fluctuation of trypanosome infected woylies from the UWR between 2006 
and 2012 appears to be of particular importance, as these data sets could provide the 
necessary link connecting trypanosomes as the chronic disease agent associated with the 
recent woylie decline. It has recently been identified that woylies within the same region (KP 
woylies) underwent a period of recovery between 2005 and 2008, before suffering a second 
decline that began in 2009 (Wayne et al. 2013b). The recovery of the KP woylies between 
2005 and 2008 corresponds to the relatively low trypanosome prevalence of UWR woylies 
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as demonstrated by Smith et al. (2008); while the timing of the second decline corresponds 
to the relatively high trypanosome prevalence of the UWR woylies as demonstrated by 
Botero et al. (2013). Following this second decline, the overall trypanosome prevalence 
from the woylies in the UWR has returned to a relatively low prevalence, as reported here.  
From the available data, it appears that trypanosome prevalence in the UWR peaked at a 
similar time to the second population decline of the KP woylies. When considering the 
potential of T. copemani to localise in the internal organs, causing inflammation and tissue 
degeneration (Botero et al. 2013), it may be possible that trypanosomes have affected the 
long term health, coordination and fitness of these woylies, thus increasing their 
susceptibility to predation (or to the other, as yet unidentified, stressors). If so, this could 
provide a temporal link implicating trypanosomes as the disease agent associated with the 
woylie decline. Figure 5.6 graphically represents the changing annual trap capture rates of 
woylies from Warrup (which is part of the KP (Wayne et al. 2013b)) and the overall 
trypanosome prevalence of the UWR (KP + PP) (Smith et al. 2008, Botero et al. 2013). 
However, it must be noted that due to the spatial variation of the trypanosomes infecting 
the KP and PP woylies within the UWR, we can no longer assume a uniform distribution of 
parasites throughout this region. Because of these spatial differences and the incomplete 
spatial correspondence in this current comparison between woylie abundance and 
trypanosome prevalence (Figure 5.6) it is important that the historical samples collected 
from the UWR between 2006 and 2009 be re-analysed, with samples separated for each of 
the two neighbouring populations within the region. Through this re-analysis, the role of T. 
copemani as a potential disease agent involved in the recent woylie declines could be 
clarified. 
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Figure 5.6  Changes in the trypanosome prevalence at the UWR and the changing woylie 
population status at Warrup, (which is part of the KP) (reproduced with permission from 
(Wayne et al. 2013b)) 
 
As evident in this study, the KP woylies had very dissimilar trypanosome prevalences to its 
neighbouring population (PP) within the UWR. There are four possible reasons for the very 
low prevalence from the KP. Firstly, the remaining KP woylies are more resistant to 
trypanosome infections (and the number of woylies in this population should increase); or 
they are all chronically infected and trypomastigotes are being maintained at molecularly 
undetectable levels in the peripheral blood of the host (and number of woylies in this 
population should continue to decline). The very low prevalence of trypanosomes could be a 
function of woylie density and/or time since the decline (KP woylies declined earlier than PP 
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(Wayne et al. 2013b)); or finally, the distribution of the vector has recently changed and 
these woylies are no longer exposed to infection. Of these explanations, the latter appears 
unlikely, even though very little is known about the vectors of Australian trypanosomes 
(Mackerras 1959, Richardson and Hunt 1968, Hamilton et al. 2005a, Austen et al. 2011, 
Thompson et al. 2014). During this study, the KP and PP woylies that we translocated to the 
PS enclosure experienced different rates of infection within the same environment, with 
11% of uninfected KP woylies later testing positive, compared to 50% of PP woylies. The 
reason for these contrasting prevalences of trypanosome infections between the 
neighbouring indigenous populations within the UWR requires further investigation. 
 
5.4.4 Interspecific competition 
Interspecific competition may exist between T. vegrandis and T. copemani, whereby an 
established T. vegrandis infection may moderate the sequential establishment of T. 
copemani. Co-infections of T. vegrandis and T. copemani were identified, however, in each 
case the individual was either initially infected with T. copemani and later tested positive to 
T. vegrandis as well; or was initially uninfected and then tested positive to both T. vegrandis 
and T. copemani simultaneously; or tested positive to both T. vegrandis and T. copemani 
during the initial blood sampling (with the sequential acquisition of the two parasites 
unknown, as it occurred before the initial sample). In this study, all of the woylies that 
initially tested positive to T. vegrandis were never identified later with a co-infection of T. 
copemani. If interspecific competition does exist between T. vegrandis and T. copemani, 
then this may be another example where the initial non-virulent infection (T. vegrandis) may 
protect the individual from the sequential infection of a more virulent species (T. copemani), 
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as has been demonstrated for other parasite species (Balmer et al. 2009, Conlan et al. 
2009). 
This interspecific competition could be of particular relevance to the KWS woylies, especially 
as this fenced sanctuary contains the last high-density stable population of woylies 
remaining on mainland Australia (Groom 2010). The KWS woylies have remained stable, 
despite an increasing overall prevalence of trypanosomes over the last six years; from 14% 
reported in 2008, to 46% for samples collected prior to 2010 and up to the current 
prevalence of 78% (Smith et al. 2008, Botero et al. 2013). The long-term stability of the KWS 
woylies may be attributed to the high incidence of T. vegrandis, which may have kept the 
chronically-pathogenic T. copemani at a very low prevalence. Of those individuals infected 
with trypanosomes at KWS, 100% were infected with T. vegrandis (Table 5.3), of which only 
a small proportion were also co-infected with T. copemani. No individual woylie at KWS had 
a single infection with T. copemani, which is in stark contrast to the declining UWR. KWS has 
the lowest prevalence of T. copemani from the five populations analysed in the study (Table 
5.3), with further work required to sub-phenotype / sub-genotype this parasite within the 
KWS population.  
 
5.5 Conclusion 
This study highlights the potential negative impact of T. copemani, and its possible 
association with the recent decline of indigenous woylies in WA. In this study, we 
demonstrated the variable spatial prevalence of T. copemani among the five study sites, and 
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the declining molecular detection of T. copemani from the peripheral blood of the woylie. 
The reduction in parasitaemia of T. copemani over time may indicate the change of infection 
from the acute to the chronic phase. We also highlight that the fluctuating trypanosome 
prevalence of the UWR between 2006 and 2012 could have been influential during the 
population changes reported for one of the two indigenous populations within this region. 
Here we add to the growing evidence that trypanosomes could have been influential during 
the recent declines of indigenous woylies in WA. The associated degenerative pathology 
from the localisation of T. copemani in the capillaries and/or cells of the internal organs may 
be chronically pathogenic, adversely affecting the long term fitness and coordination, and 
making the host more vulnerable to predation. We also highlight the necessity to continue 
monitoring remaining woylie populations, both in the wild and in captivity, and to more 
thoroughly and rigorously test the nature and strength of the association between 
trypanosomes and population changes of the woylie and other host species. 
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Chapter 6 – Potential vectors responsible for 
transmitting Trypanosoma vegrandis, T. copemani 
and T. sp. H25 to woylies (Bettongia penicillata); a 




The trypanosomes of mammals are generally heteroxenous, with their life cycle including a 
vertebrate host and an invertebrate vector (Hoare 1972). Within the mammalian host, 
trypanosomes have two specialised life stages; a within-host replication stage and a 
between-host transmission-ready stage (Pollitt et al. 2011). The replication stage maintains 
the current infection within the host, while the transmission-ready stage is responsible for 
establishing infection within the vector during haematophagy (Pollitt et al. 2011). There are, 
however, exceptions to this; Trypanosoma equiperdum can be sexually transmitted and 
Trypanosoma cruzi can be transmitted vertically and orally (Hoare 1972, Muñoz et al. 2009, 
Hamilton et al. 2012).  
Mammalian trypanosomes are divided into two biological groups based on their 
development within the vector and their transmission dynamics (Hoare 1972). Stercorarian 
trypanosomes develop within the hindgut of the vector and are deposited onto the host in 
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the faeces of the vector during haematophagy (Hoare 1972, Averis et al. 2009). 
Transmission is completed when the contaminated faeces are either rubbed into the bite 
wound (due to irritation) or penetrate a mucosal membrane of the host (Hoare 1972, Averis 
et al. 2009). Infection via the oral route can also occur when food material becomes 
contaminated with the faeces from an infected vector (Benchimol Barbosa 2006). 
Trypanosoma lewisi and T. cruzi are examples of stercorarian trypanosomes (Hoare 1972). 
Salivarian trypanosomes develop within the mid-gut of the vector and then migrate to the 
salivary glands and proboscis before being injected into the host during haematophagy 
(Hoare 1972, Averis et al. 2009). Trypanosoma brucei and T. evansi are examples of 
salivarian trypanosomes (Steverding 2008).  
In Australia, a total of eight native trypanosome species have been described from 
indigenous mammals. These include T. pteropi and T. hipposideri from bats; T. binneyi from 
a monotreme; and T. thylacis, T. copemani, T. irwini, T. gilletti and T. vegrandis from 
marsupials (Mackerras 1959, Austen et al. 2009, McInnes et al. 2009, McInnes et al. 2010, 
Thompson et al. 2013) (Table 6.1). In addition to these, numerous unnamed species and 
genotypes have also been recorded, including an undescribed species denoted as T. sp. H25 
(Bettiol et al. 1998, Noyes et al. 1999, Jakes et al. 2001, Smith et al. 2008, Averis et al. 2009, 
Botero et al. 2013). Trypanosoma sp. H25 was first identified from the eastern grey 
kangaroo (Macropus giganteus) in Victoria in 1999 and shares a phylogenetic relationship 
with T. cruzi (Noyes et al. 1999, Hamilton et al. 2005a, Botero et al. 2013). Of these 
Australian trypanosomes (including genotypes, unnamed and described species), T. 
vegrandis, T. copemani and T. sp. H25 are each known to infect the critically endangered 
woylie (Bettongia penicillata) (Botero et al. 2013, Thompson et al. 2013). 
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Of the paucity of research that has screened Australian arthropods for trypanosomes, 
unidentified trypanosomes have been observed within the gut contents of ticks collected 
from the short-nosed bandicoot (Mackerras 1959), as well as from the crop of a 
Haemadipsidae leech (Richardson and Hunt, 1968). Unidentified trypanosomes were 
isolated from terrestrial leeches (Micobdella sp. and Philaemon sp.) (Hamilton et al., 2005a) 
and T. copemani has been observed in the midgut and faeces of Ixodid ticks (Ixodes (Noyes et al. 199 9)   
australiensis) from the Gilbert’s potoroo (Potorous gilbertii) and quokka (Setonix 
brachyurus) (Austen et al. 2011). Additional vector candidates have also been proposed for 
some of the other native Australian trypanosomes (Mackerras 1959, McInnes et al. 2009, 
McInnes et al. 2010) (Table 6.1). However, to date, no successful experimental transmission 
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Table 6.1  Native trypanosomes from Australian mammals, recorded host (with bold 
records being the type host species) and their possible vectors 
Trypanosome 
species 
Recorded Hosts Possible vectors Source 
Trypanosoma 
pteropi 
Black flying fox  
(Pteropus alecto) 












Dusky leaf-nosed bat  
(Hipposideros ater) 
























Gilbert’s potoroo (Potorous 
gilbertii), Quokka (Setonix 
brachyurus), woylie (Bettongia 
penicillata), koala 
(Phascolarctos cinereus), 
common wombat (Vombatus 
ursinus), southern brown 
bandicoot (Isoodon obesulus), 
common brush-tailed possum 
(Trichosurus vulpecular) & tiger 
quoll (Dasyurus maculatus) 
ticks (Ixodes 
australiensis) 
(Noyes et al. 
1999, Austen et 
al. 2011, 
McInnes et al. 
2011, Botero et 
al. 2013, 










Woylie (Bettongia penicillata), 
western grey kangaroo 
(Macropus fuliginosus), 
southern brown bandicoot 
(Isoodon obesulus), tammar 
wallaby (Macropus eugenii) & 
western quoll (Dasyurus 
geoffroii) 
none suggested (Botero et al. 
2013, 




eastern grey kangaroo 
(Macropus giganteus), woylie 
(Bettongia penicillata), brush-
tailed possum (Trichosurus 
vulpecula), burrowing bettong 
(Bettongia lesueur) and banded-





(Noyes et al. 
1999, Paparini 
et al. 2011, 
Botero et al. 
2013) 
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Possible vector candidates of trypanosomes include Hirudinea (leeches), as well as 
haematophagous arthropods from the orders Hemiptera (true bugs); Phthiraptera (lice); 
Diptera (flies); Siphonaptera (fleas); and Acarina (ticks and mites) (Mackerras 1959, Hoare 
1972, Jakes et al. 2001, Hamilton et al. 2005a, Austen et al. 2011). This preliminary study has 
focused on whether arthropods are potential vectors of T. vegrandis, T. copemani and T. sp. 
H25 in Western Australia (WA). Woylies and free living insects were sampled from the 
Upper Warren region (UWR), Karakamia Wildlife Sanctuary (KWS) and Native Animal Rescue 
(NAR) between September 2010 and July 2011 (Figure 4.1). Ectoparasites sampled from the 
woylie included ticks, lice and fleas. Free-living haematophagous insects analysed included 
tabanids (also called march-flies) (Tabanidae), sand-flies (Psychodidae) and mosquitoes 
(Culicidae). The aim of this study was to determine the presence of T. vegrandis, T. 
copemani and T. sp. H25 in biting haematophagous arthropods using molecular techniques 
and to identify potential vectorial candidates responsible for trypanosome transmission to 
woylies.  
 
6.2 Methods  
6.2.1 Sample collection 
Sheffield traps baited with a mixture of rolled oats, peanut butter and sardines were used to 
capture woylies from three separate locations in WA: the UWR (including two indigenous 
and a single enclosed population); KWS (an enclosed population); and NAR (a captive 
colony) (Figure 4.1). Woylies were captured from the UWR during October and November 
2010 and February and April 2011; from KWS during September 2010 and April and June 
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2011; and from NAR during March, April, May, June and July 2011. After removing the 
woylie from the trap, individuals were identified either by an ear tag or a Permanent 
Integrated Transponder (PIT) number to ensure that they were sampled only once each 
trapping session. Blood was collected as previously described (Chapter Two, Section 2.1.3) 
from the lateral caudal vein. Ticks were physically removed from the skin of the woylie using 
fine forceps, while lice and fleas were collected from the fur using a fine tooth comb. All of 
the ectoparasites were stored in 70% alcohol. The woylies were released at the point of 
capture after the samples had been collected. 
Free-living haematophagous insects were collected from the UWR and KWS (Figure 4.1) 
during October and November 2010; and September 2010, February, March, April, May, 
June and July 2011 respectively. Insects were caught using a single Marris style Malaise and 
a single Nzi trap (Figure 6.1). Both traps were baited with octenol lures, with the collection 
pot filled with 70% alcohol. Collection pots were emptied every 7 to 21 days, with insects 
stored in fresh 70% alcohol. 
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Figure 6.1  Arthropod traps used to collect free-living haematophagous insects- (A) Marris 
style Malaise trap and (B) Nzi trap 
 
6.2.2 DNA Extraction 
Genomic DNA was extracted from 300 µl of host blood using the Wizard® Genomic DNA 
Purification Kit (Cat# A1125) as per the protocol for whole blood extraction (Promega, 
Wisconsin USA). Collected ectoparasites and haematophagous insects were removed from 
the 70% alcohol solution, allowed to air dry and identified morphologically to Family; some 
ticks were identified to Species. Each family of ectoparasites collected from an individual 
woylie was pooled into separate 1.5 ml microcentrifuge tubes, with a maximum of fifteen 
ectoparasites per tube. Each family of haematophagous insects from an individual trapping 
session was pooled into separate 1.5 ml microcentrifuge tubes, with a maximum of 30 
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insects per tube. Arthropod DNA was extracted using the Wizard® Genomic DNA Purification 
Kit (Cat# A1125) as per the protocol for animal tissue extraction (Promega, Wisconsin USA). 
A single modification was made to the animal tissue extraction protocol; after the 
arthropods were homogenised in 600 µl of nucleic lysis solution, they were incubated at 
65oC for 12 hours rather than the recommended 15-30 mins. The DNA extracted from blood 
and arthropods was eluted in 60 µl of DNA rehydration solution and stored at -20oC. A 
negative control was included in each batch of DNA extractions, which contained neither 
blood nor arthropods. 
 
6.2.3 Species / clade-specific and sequencing PCR 
Three separate species / clade-specific nested PCR protocols were used to amplify the 18S 
rDNA region of T. vegrandis, T. copemani and T. sp. H25; primers and PCR reaction 
conditions were used as previously described (Botero et al. 2013, Thompson et al. 2013). A 
fourth nested PCR was used to sequence random positive samples from the species-specific 
nested PCR to ensure reliability of the positive reaction; primers and PCR reaction 
conditions for sequencing were used as previously described (Botero et al. 2013, Thompson 
et al. 2013).  
Four controls were used in each batch of nested PCR to ensure reliability of results; these 
included the negative control from the DNA extraction, a primary and a secondary PCR 
negative control and a PCR positive control. PCR products were run on a 1.5% agarose gel 
using SYBR Safe Gel Stain (Invitrogen, California USA) and visualized by illumination with UV 
light. Sequencing PCR products of appropriate size were purified using the Agencourt 
AMPure PCR Purification system (Beckman Coulter, California USA) as per the 
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manufacturer’s instructions and sequenced using an ABI PrismTM Terminator Cycle 
Sequencing Kit (Applied Bio-systems, California USA) on an Applied Bio-System 3730 DNA 




During this study, 214 individual woylies were captured; 42.1% of these individuals were 
captured twice, 22.9% captured three times and 7.5% captured four or more times. During 




Ticks identified during this study were from the family Ixodidae, and included I. australiensis 
and Amblyomma triguttatum. Of the 1,456 ticks collected during this study, at least 5.1% 
(CI95 = 4.5 – 5.7%) of these individuals were positive for Trypanosoma spp. (assuming that 
one tick per pooled sample was positive) (Table 6.2). Forty-two (14.2%) pooled samples 
tested positive for T. copemani and 36 (12.2%) for T. vegrandis. Of the samples that were 
simultaneously positive for multiple trypanosome species, each contained multiple 
individuals in the DNA extraction.  
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On 47 (15.9%) occasions, the species of Trypanosoma identified from ticks did not 
correspond to the woylie blood sample collected from the same animal at the same time 
(Table 6.3). Thirty-four PCR negative woylies were identified with ticks positive for 
Trypanosoma spp. feeding upon them; 19 of these woylies were re-captured two-months 
later. Nine of the 19 blood samples analysed from these re-captured woylies tested positive 
for the same Trypanosoma spp. as identified from the tick previously. Five woylies became 
positive for T. vegrandis after having T. vegrandis positive ticks feeding upon them, and four 
for T. copemani after having T. copemani positive ticks feeding upon them. 
All of the lice identified in this study were from the family Boopiidae. Of the 568 lice 
collected during this study, at least 2.1% (CI95 = 1.5 – 2.7%) of these individuals tested 
positive for Trypanosoma spp. (assuming at least one louse per pooled sample was positive) 
(Table 6.2). Six (4.3%) of the pooled samples were positive for T. vegrandis and eight (5.7%) 
for T. copemani. Two (1.4%) pooled lice samples tested simultaneously positive for both T. 
vegrandis and T. copemani, with one sample containing the DNA extracted from a single 
louse. Of these twelve positive lice samples, seven were collected from PCR negative 
woylies. These seven woylies were re-captured one to three months later, and all remained 
uninfected (PCR negative). There was no molecular evidence to suggest trypanosome 
transmission by ectoparasitic lice.  
The fleas identified during this study were from the families Pulicidae and Stephanocircidae. 
A total of 42 fleas were pooled into 30 samples (approximately 1.4 individuals per sample) 
(Table 6.2); all were PCR negative for T. vegrandis, T. copemani and T. sp. H25.  
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6.3.3 Haematophagous insects  
A total of 302 tabanid flies were pooled into 102 samples, with at least 12.3% (CI95 = 10.4 – 
14.1%) of these individuals testing positive for Trypanosoma spp. (assuming at least one 
tabanid fly per pooled sample was positive) (Table 6.2). Six (5.9%) pooled samples were 
positive for T. copemani and 31 (30.4%) for T. sp. H25.  
A total of 1769 mosquitoes were pooled into 86 samples, with at least 0.8% (CI95 = 0.6 – 
1.0%) of these individuals testing positive for Trypanosoma spp. (assuming at least one 
mosquito per pooled sample was positive) (Table 6.2). Six pooled samples were positive for 
T. copemani and eight for T. sp. H25.  
A total of 578 sand-flies were pooled into 21 samples, with at least 2.2% (CI95 = 1.6 – 2.9%) 
of these individuals testing positive for Trypanosoma spp. (assuming at least one sand-fly 
per pooled sample was positive) (Table 6.2). A single pooled sample was positive for T. 
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Table 6.2  Summary of the ectoparasite and haematophagous insects analysed for T. 
vegrandis, T. copemani and T. sp. H25 
 
 Tick Lice Flea Tabanid Mosquito Sand-fly 
Number of 
individuals tested 
1456 568 42 302 1769 578 




5.0 4.1 1.4 2.9 20.6 27.5 
Positive pooled 
samples 
74 12 0 37 14 13 
Positive for T. 
vegrandis 
42 6 0 0 0 0 
Positive for T. 
copemani 
36 8 0 6 6 1 
Positive for T. sp. 
H25 






5.1%   
(4.5 – 5.7) 
2.1% 




(10.4 – 14.1) 
0.8% 
(0.6 – 1.0) 
2.2% 
(1.6 – 2.9) 
 
 
Table 6.3  Number of woylies identified with dissimilar Trypanosoma spp. from their blood 
and the ticks feeding upon them 
 
Host blood Sample Ixodidae sample positive 
for T. vegrandis 
Ixodidae sample positive 
for T. copemani 
Negative for trypanosomes 17 20 
Positive for T. vegrandis only 15 5 
Positive for T. copemani only 5 7 
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6.3.4 Sequencing 
A total of 14 positive DNA extractions were sequenced; six T. vegrandis positive reactions, 
five T. copemani and three T. sp. H25. These reactions were randomly selected and 
sequenced to ensure reliability of the amplified DNA region by the primers. When aligned, 




During this study, PCR methodology detected Trypanosoma vegrandis, T. copemani and T. 
sp. H25 from various arthropod families, including the Ixodidae, Boopiidae, Tabanidae, 
Culicidae and Psychodidae; trypanosomes were not detected from representatives of the 
Pulicidae and Stephanocircidae. The most likely vector candidate for T. vegrandis and T. 
copemani were the Ixodid ticks (including I. australiensis and A. triguttatu), with these 
trypanosomes identified from at least 5% of ticks sampled. However, the possible role that 
lice play as a mechanical vector of T. vegrandis and T. copemani warrants further 
investigation. Tabanid flies, sand-flies and mosquitoes are also possible vector candidates 
for T. copemani. The most likely vector candidate for T. sp. H25 were tabanid flies, with T. 
sp. H25 identified from at least 10.3% of tabanid flies sampled. Mosquitoes, sand-flies and 
to a lesser degree, ticks may also be involved with transmission of T. sp. H25.  
The aim of this preliminary investigation was to screen extracted DNA from a large number 
of arthropods, to gain a better insight as to the ‘possible’ vector candidates of T. vegrandis, 
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T. copemani and T. sp. H25. In doing so, the large numbers of arthropods (> 4,700 
individuals) were pooled, with the assumption that a positive pooled sample was 
represented by at least a single positive individual. Therefore, a minimum prevalence of 
positive arthropods was reported here (Table 6.2), with the actual prevalence expected to 
be much higher.  
A limitation of this methodology was that a positive arthropod sample was unable to be 
confirmed as a vector with an established trypanosome infection within its gut (Seblova et 
al. 2014), as the positive sample could also represent the ingested and / or partly-digested 
trypanosomes from a recent blood meal. A second limitation was that it was outside the 
scope of this research to identify the large number of arthropods (>4,700) to genus and 
species; therefore, it is not possible to comment further on the taxonomic species that may 
be important for transmission of T. vegrandis, T. copemani and T. sp. H25. However, these 
preliminary results highlight that future research should concentrate on Ixodid ticks (in 
particular, I. australiensis and A. triguttatum) for transmission of T. vegrandis and T. 
copemani, and tabanid flies for transmission of T. sp. H25.  
 
6.4.2 Ectoparasitic ticks 
Ticks are obligate ectoparasites and are recognised vectors for various pathogens, including 
Borrelia, Bartonella, Babesia, Rickettsia, Theileria and Trypanosoma, with an unknown 
trypanosome species (referred to as Trypanosoma KG1) isolated from naturally infected 
Haemaphysalis hystricis ticks in Japan (Thekisoe et al. 2007, Billeter et al. 2008, de la Fuente 
et al. 2008). Ixodid ticks recorded from the woylie include A. triguttatum, Ixodes tasmani, I. 
myrmecobii, I. australiensis, as well as an unidentified species of Ixodes (Wayne 2008, 
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Kaewmongkol et al. 2011). Of these, I. australiensis and I. myrmecobii are also recorded 
ectoparasites from the Gilbert’s potoroo (P. gilbertii) and quokka (S. brachyurus), with the 
former tick species being suggested a possible stercorarian vector of T. copemani (Austen et 
al. 2011). 
Australian Ixodid ticks are three-host ticks, undergoing four different developmental stages 
during their life cycle; egg, larval, nymph and adult (Oliver 1989, Nava et al. 2008). Both the 
larval and nymphal stages require a blood meal before ecdysing to the next life stage, as 
does the adult female tick before laying her egg mass (Oliver 1989). Australian Ixodid ticks 
tend to have seasonal life cycles. For example, the larval stage of the Australian paralysis 
tick, I. holocyclus is most abundant during summer and autumn, nymphs during autumn and 
winter and adult females during spring and early summer (Doube 1979). Similarly, the larval 
stage of A. parvum peaks during autumn, nymphs during winter and adults during early 
summer (Nava et al. 2008). The life span of these ticks is less than a year, with the 
abundance of adult Ixodid ticks declining as summer progresses, since they are sensitive to 
desiccation during hotter months (Murdoch and Spratt 2006).  
To act as a vector of T. vegrandis and/or T. copemani, uninfected immature ticks would first 
need to feed upon an infected host to initiate the transmission cycle. Once fully engorged 
and detached from the host, a suitable time would elapse between blood meals for the 
ingested trypanosomes to establish an infection within the gut of the tick. Transmission 
would then be completed during the following blood meal of the tick, when infective 
trypomastigotes are transferred to the host by either salivarian or stercorarian means. This 
feeding pattern of developing Ixodid ticks would account for both the large number of 
positive ticks collected from PCR negative hosts (Table 6.3); and the eight woylies that 
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subsequently became infected after they were recorded with a positive tick feeding upon 
them. However, the actual transmission dynamics of T. vegrandis and T. copemani still 
requires further investigation. 
 
6.4.3 Ectoparasitic lice 
Lice positive to trypanosomes were also identified from PCR negative woylies during this 
study, with an individual louse simultaneously positive to both T. vegrandis and T. 
copemani. Unlike ticks, lice remain mobile throughout their life cycle and are capable of host 
switching, particularly when physical contact is made between two hosts. Therefore, these 
positive lice could have fed upon an infected host before switching over (via direct contact 
between two woylies) to the PCR negative woylie. If so, then these lice have remained 
positive to trypanosomes for many hours after consuming infected blood, as they had just 
spent the night prior to collection on an uninfected host isolated in a Sheffield trap. This 
chain of events appears plausible, as trypomastigotes of T. lewisi have been identified 
unaffected within the gut content of lice up to 48 hours after ingestion (Strickland 1909).  
There was no molecular evidence to suggest successful trypanosome transmission by a 
louse. However, lice could act as mechanical vectors for T. vegrandis and/or T. copemani. 
Woylies could potentially become infected by undigested trypanosomes from a louse, if the 
louse were to either contaminate a mucosal membrane, or be ingested by the woylie. A 
similar scenario has been reported for blood sucking lice of baboons, where it has been 
suggested that these ectoparasites may disseminate T. cruzi between host animals in 
captivity (Arganaraz et al. 2001).  
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6.4.4 Ectoparasitic fleas 
It was surprising that there was no molecular evidence to suggest that fleas play a role in 
the transmission of T. vegrandis, T. copemani or T. sp. H25. Given the vectorial role that 
fleas play in the transmission of other global trypanosome species, such as T. lewisi, T. 
nabiasi, T. micoti and T. grosi (Hoare 1972, Hamilton et al. 2005b, Smith et al. 2005), fleas 
were originally suggested as being a likely vectorial candidate (Thompson et al. 2010). 
Results from this study suggest that fleas are incapable of acting as a mechanical vector for 
T. vegrandis, T. copemani or T. sp. H25. The absence of amplifiable trypanosome DNA from 
fleas could suggest that the internal digestive environment of the flea is unsuitable for these 
trypanosomes, with efficient trypanosome degradation occurring before the flea switches 
hosts. However, due to the relatively low numbers of fleas sampled in this study (N= 42), 
further research is required to confirm this. 
 
6.4.5 Tabanid flies 
Tabanid flies, mosquitoes and sand-flies are all vectors of trypanosomes, including Tabanus 
spp. transmitting T. theileri, Aedes spp. transmitting T. heybergi, and Lutzomyia spp. 
transmitting T. leonidasdeanei (Hoare 1972). From this study, the most likely vector 
candidates of T. sp. H25 are the tabanid flies. Trypanosoma sp. H25 was identified from at 
least 10.3% of the tabanid flies sampled. In 2001, a phylogenetic analysis of trypanosomes 
concluded that the common evolutionary thread of these haemoparasites could best be 
predicted through an analysis of its vector, rather than of its host (Jakes et al. 2001). It was 
hypothesised in the same report, that tabanid flies were the most likely vectorial candidate 
of T. sp. H25 (Jakes et al. 2001). The results presented here provide the first preliminary 
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evidence to support the conclusion. However, the role played by mosquitoes and sand-flies 
with the transmission of T. sp. H25 still warrants further investigation.  
Within the UWR and KWS, it appears likely that there are other mammal species infected 
with T. sp. H25. This is indicated by the high proportion of tabanid flies positive for T. sp. 
H25 (10.3%) and the contrasting low proportion of woylies infected with the same 
trypanosome (≈2.6%; Table 5.3). In addition to the woylie, the eastern grey kangaroo, brush-
tailed possum, burrowing bettong and banded-hare wallaby are recorded hosts for T. sp. 
H25 (Table 6.1), of which both the woylie and the brush-tailed possum inhabit the UWR and 
KWS (Averis et al. 2009). In 2009, 43% (N=7) and 30% (N=27) of brush-tailed possums 
sampled from the UWR and KWS respectively were PCR positive to Trypanosoma spp. 
(Averis et al. 2009); unfortunately, these trypanosomes were not identified further to 
species. Additional research is required to investigate which other mammal species are 
infected with T. sp. H25 at the UWR and KWS. 
 
6.5 Conclusion 
Trypanosoma copemani infects a number of marsupial species (Table 6.1) and has a wide 
geographic distribution (Figure 1.2). This may be a result of its Ixodid vector having low host 
specificity during haematophagy. Ixodes australiensis, which has been suggested as a vector 
of T. copemani (Austen et al. 2011) has been identified from the woylie, burrowing bettong, 
quokka, Gilbert’s potoroo and the long-nosed potoroo (Austen et al. 2011, Kaewmongkol et 
al. 2011). The other vectorial candidates of T. copemani, as indicated by this study, could 
also have low host specificity, with the haematophagous flying insects feeding upon a large 
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number of different host species, and covering a wide geographic range. Given the potential 
for T. copemani to cause histopathological damage to the woylie, including changes to the 
smooth and cardiac muscles (Botero et al. 2013), further research is necessary to investigate 
the varying pathogenicity of T. copemani within its different vertebrate host range. This 
could be an emerging issue in Australia, especially when considering the number of 
endangered marsupials and the increasing numbers of translocations occurring nationwide. 
Another biosecurity concern could be the establishment of T. cruzi within our native wildlife. 
Given the close genetic relationship shared between T. sp. H25 and the pathogenic T. cruzi 
(Hamilton et al. 2005a, Botero et al. 2013), it may be possible for whichever vectors are 
involved in the transmission of our native T. sp. H25 (such as tabanid flies) to in theory, 
transmit the related exotic trypanosome to our wildlife. Both of these issues require 
continual surveillance, so as to understand the potential conservation impacts facing 
Australian wildlife and the endangered animals during times of conservation. 
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Once an abundant marsupial whose territory included the southern half of Australia, the 
woylie (Bettongia penicillata) is now restricted to two wild locations in southern Western 
Australia (WA), with its current distribution occupying less than 1% of its former continental 
range. Since 1999, the total number of woylies has declined by 90%, with the woylie 
currently representing half of the critically endangered macropod species in Australia (with 
the second macropod species being the Gilbert’s potoroo (Potorous gilbertii)). The focus of 
research presented in this thesis was to investigate whether trypanosomes have been a 
causative disease agent during the recent decline of the woylie, whereby these 
haemoparasites have reduced the overall fitness of their host and made the woylie more 
susceptible to predation and / or to other, as yet unidentified, stressors. 
Samples were collected between September 2010 and February 2013. In total, 293 
individual woylies were collectively captured 899 times from five different locations in 
southern WA. Blood samples, morphometrics and reproductive observations were collected 
pertaining to the health, growth and reproductive success of this marsupial. 
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From the 293 woylies, 842 blood samples and 2,066 ectoparasites were collected and 
analysed for the presence of trypanosomes, along with 2,649 free living haematophagous 
insects. Each of the blood samples was individually analysed, while ectoparasites and 
haematophagous insects were pooled into separate samples for molecular analysis. Each of 
the DNA extractions was screened independently for the three different trypanosome 
species: Trypanosoma copemani, Trypanosoma vegrandis and Trypanosoma sp.H25.  
Overall, this study has advanced the scientific understanding of the woylie, its trypanosome 
diversity, and potential vectors responsible for transmission of these haemoparasites in the 
following ways:  
 
Woylie  - Reproductive biology in captivity (CHAPTER THREE) 
- Pouch young (PY) survival and rate of growth (CHAPTER THREE) 
Trypanosome - Diversity and morphology of native Australian trypanosome species   
d(CHAPTER FOUR) 
- Temporal and spatial dynamics of infections (CHAPTER FIVE) 
- Presentation of a possible temporal connection implicating T. 
copemani as the disease agent linked with the recent decline of the 
Kingston indigenous woylie population (KP) within the Upper 
Warren region (UWR) (CHAPTER FIVE) 
Vector  - Potential arthropod candidates (CHAPTER SIX) 
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This investigation has examined whether trypanosomes may have influenced the recent 
woylie decline. While a possible temporal connection has been identified that implicates T. 
copemani as the disease agent linked with the recent declines within the UWR, further work 
is urgently needed to confirm whether the chronic association of trypanosomes within the 
internal organs of its host is reducing the overall fitness of the woylie in the wild, and 
making them more susceptible to predation and / or to other, as yet unidentified, stressors.  
 
7.2 Woylie 
The findings of this study have advanced our understanding regarding the reproductive 
biology and PY development of the woylie, both in captivity and in the wild. These same 
results will also have direct and practical applications during the future conservation of the 
remaining woylies by government agencies, researchers and volunteers, by allowing staff to 
accurately age and monitor young woylies in the wild during their early development.  
Adult female woylies observed at Native Animal Rescue (NAR) were successful reproducers, 
each with a short oestrous cycle, rapid gestation period and fast growing PY. When re-
captured during this study, a high proportion of these adult females were observed caring 
for a dependant young, which is consistent with field observations from the UWR by 
Department of Parks and Wildlife (DPaW) researchers. While the woylie can still be 
considered a successful reproducer, it appears (due to the results of this study) to be only an 
‘adequate’ parent.  
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Only two thirds of the theoretical PY expected during this investigation were reared to a 
sub-adult age, despite being raised in a predator free environment, where sufficient fresh 
food was available daily. Upon commencing this study, it was anticipated that a larger 
proportion of theoretical PY would survive to a sub-adult age. As acknowledged, PY 
mortality could have resulted from trap-related stress; however, this stress does not appear 
to account for all premature deaths. The reason(s) for the peaking of premature deaths 
during May, June and July was unable to be further investigated using the current 
methodology, but was suggested to be related to changes in the weather. However, to 
investigate this hypothesis further, careful consideration should be given to the 
experimental design, as monitoring woylies more intensely to establish why PY are being 
rejected could increase the stress levels upon the adult females, which may in turn 
contribute to a greater proportion of premature PY deaths. Also, as confirmed in this study, 
while young woylies are capable of giving birth to their first PY at an age of four months, 
further investigation is required to determine whether these same parents are physically 
capable of rearing their first PY to a sub-adult age. 
When considering the remaining woylies in the wild, the proportion of PY successfully 
reared to a sub-adult age may be suppressed even further, as these wild woylies will be 
influenced by stressors eliminated from this captive investigation, including predators and 
variable food availability. In addition to these stressors, the adult female woylie appears to 
have a predilection to eject her PY at the first sign of danger. Historically, this may have 
been an effective evolutionary trait, which ensured her survival and assisted with the 
rearing of ‘fitter’ progeny. However, as extinction looms, this large energy investment can 
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result in nil gain to the species, and may become more of a critical factor when considering 
the overall survival of the species in the wild.  
The data presented in this thesis need to be carefully evaluated when incorporated by 
DPaW during future conservation of the species. For the first time, the monthly survival and 
development of Generation-One (G1) woylies from parturition to parental independence 
was investigated in captivity. When designing this project, it was of the utmost importance 
for this research to be of relevance to the future conservation of the woylie, with results 
being of value to DPaW. Currently, DPaW monitor the UWR woylies once every six months, 
with traps set during spring and autumn. Therefore, a priority of this project was to provide 
a resource that complemented this trapping regime, allowing woylies to be aged from 
parturition to at least, six months of age. It is believed that we have achieved this goal. 
Crown rump (CR), head length (HL), pes length (PL) and, to a lesser degree, weights (WG) can 
be used together to estimate the age of the woylie up until 220 days (> seven months) of 
age. Table A6 (Appendix 6) has already been made available to research scientists and 
trapping teams at DPaW, so that they may gain a better understanding regarding the age 
structure, breeding potential and population growth of future generations of UWR woylies.  
When considering the current trapping regime adopted by DPaW to monitor the UWR 
woylies, limitations of Table A6 (Appendix 6) relate to individual pouch young that either: 
(a) remain within the pouch upon their initial capture (and therefore given no form 
of identification) and have a CR larger than 40 mm (> 40 days or older) or 
(b) are ejected during examination, are > 40 days old, and are still restricted to the 
pouch and therefore too young for ear tags. 
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In both cases ((a) and (b)), the PY will remain unidentifiable and will not be able to be 
accurately aged when recaptured six months later. For example, if a PY with a CR larger than 
40 mm is re-captured six months later (≈180 days), it will be of independent age, 
unidentifiable (as it has no ear tags) and older than 220 days. This individual will be outside 
the age boundaries of Table A6 (Appendix 6). Because of this limitation, we highlight the 
importance (when ethically appropriate) for Permanent Integrated Transponder (PIT) tags to 
be inserted into PY (restricted to the pouch) when they are caught for the first time. The 
application of PIT tags to young restricted to the pouch will increase the accurate aging of 
these woylies when re-captured, and therefore increasing the accuracy concerning the 
overall age structure, growth and reproductive success of the remaining UWR woylies. 
 
7.3 Trypanosomes 
Of the described Australian trypanosomes, T. copemani has the largest recorded host and 
geographic range. As illustrated (Figure 1.3), the different hosts shown to be infected with 
T.copemani to date, have all been identified from habitats that are relatively close to the 
Australian coast. It is anticipated that as more marsupials are sampled from inland habitats 
that both the host and geographic ranges of T. copemani will increase. 
Spatially, the prevalence of T. copemani throughout the geographical range of this 
investigation was highly variable. Of particular interest were the contrasting prevalences of 
T. copemani within the UWR; a near zero prevalence of T. copemani was identified at KP, 
while in the neighbouring Perup indigenous wild population (PP) almost half of the woylies 
were infected with T. copemani. Further investigation is urgently required to identify why 
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these contrasting prevalences exist. As previously discussed, one of the possible reasons for 
the low prevalence of T. copemani within the KP could be that the remaining KP woylies are 
all chronically infected with T. copemani, with the trypomastigotes associated with the 
internal organs of the host, and only being intermittently released in the blood at optimal 
times for vector transmission. If this is in fact the case, then we could expect this woylie 
population to continue to decline (as recently observed), with a real risk of local extinction 
occurring in the not too distant future. The reason(s) for this variable prevalence of T. 
copemani within the relatively small area of the UWR could be highly significant when 
regarding the survival of the remaining KP and PP woylies, and should be a topic that 
attracts urgent attention before it becomes a historical investigation of why the woylie 
became extinct. 
As previously discussed, there appears to be host-induced morphological variation of T. 
copemani trypomastigotes within different host species (woylie, Gilbert’s potoroo and 
quokka). It is interesting to note that there may be also host-induced variation to the life 
cycle of T. copemani in different hosts as well. When described in 2009, a divisional form of 
T. copemani was reported from the peripheral blood of a Gilbert’s potoroo (Austen et al. 
2009), while no divisional forms were observed during this study. The absence of a dividing 
form of T. copemani from the peripheral blood of the woylie lead us to hypothesise that 
division of this trypanosome may be confined to the internal organs of the host, similar to 
Trypanosoma grosi within the Mongolian jird (Meriones unguiculatus) (Sato et al. 2003). 
Upon further investigation of Image 1.D from Austen et al. (2009), the validity of the (Austen et al. 2009 ) 
divisional trypomastigote form of T. copemani could be called into question. Typically, 
trypomastigote division occurs by equal binary fission (Hoare 1972), with cleavage of the 
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cytoplasm occurring along the longitudinal plane, which results in two parallel bodies. 
However, the dividing forms reported from the Gilbert’s potoroo appear to be replicating 
along the transverse plane (Austen et al. 2009), with the longitudinal plane of each 
trypomastigote occurring in opposite directions. It may be possible that these ‘dividing’ 
trypomastigotes reported from the Gilbert’s potoroo are a visual artefact resulting from the 
‘stacking’ of two individual trypomastigotes on top of one another within the field of view.  
Trypanosoma copemani also exhibited morphological polymorphism, with different hosts 
infected with different phenotypes. The different morphological phenotypes were 
distinguishable, primarily by the distance between the kinetoplast and nucleus, and each 
appeared to have different infection dynamics within the peripheral blood of the woylie. It 
is interesting to note that these morphological and infection dynamic variations of T. 
copemani have been correlated with genetic differences, with the more virulent strain, T. 
copemani P2 (≈ G2 (Botero et al. 2013)) being linked with pathological changes and tissue 
degeneration within the woylie. The intracellular characteristics of T. copemani P2 infection 
are reported to be similar to those of Chagas disease, caused by Trypanosoma cruzi, in 
humans (Botero et al. 2013). Given the morphological polymorphism, inconsistent infection 
dynamics, genetic variability and different life cycle behaviour of T. copemani P1 and P2, it 
may be reasonable to propose that T. copemani P1 and P2 collectively represent two 
different species. Further work is required to investigate this question, with the two 
morphological phenotypes of T. copemani maintained in culture within the laboratory.  
When including the newly described T. vegrandis, a total of eight trypanosome species have 
currently been described from indigenous Australian mammals, with Trypanosoma thylacis 
(1959), T. irwini (2009), T. copemani (2009), T. gilletti (2010) and T. vegrandis (2013) each 
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with an indigenous marsupial species as their type vertebrate host. As evident by the 
number of recent trypanosome discoveries from indigenous Australian mammals, these 
eight species are unlikely to be an exhaustive list of native trypanosomes from the 
terrestrial and arboreal mammals of Australia. Further trypanosome discoveries are 
anticipated to complement the future surveillance of Australian mammals from inland 
habitats. 
On a global scale, T. vegrandis is believed to be the smallest trypanosome species described 
from mammals, with a minimum recorded length of 6.92 µm. Due to its very small size, 
multiple techniques were used to confirm its identity. 
 
Techniques included: 
Conventional microscopy - live motile flagellates 
- fixed trypomastigotes with Modified Wright’s stain 
Fluorescent microscopy  - fix trypomastigotes hybridised with a species-specific 
cprobe 
Molecular Analysis  - DNA extraction, PCR and sequencing  
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It appears that the timing between blood collection from the host and fixation of T. 
vegrandis specimens in situ is a critical factor. Results from this investigation indicate that 
the blood smears require fixation and staining within 24 hours after collection to prevent 
degradation of this very small trypanosome. Additional time may result in the partial 
degradation of T. vegrandis, to a point where it is no longer identifiable by microscopy. We 
suggest that a similar degradation of the T. gilletti specimens may have occurred in infected 
blood samples collected from koalas in 2010 (McInnes et al. 2010). As T. gilletti shares a 
close phylogenetic relationship with T. vegrandis (Botero et al. 2013), it is possible that 
these two trypanosomes share similar morphological traits, with specimens of T. gilletti 
degrading before they were fixed and stained from infected koalas. This would help explain 
why no morphological forms of T. gilletti have currently been identified and why no formal 
taxonomic description was provided when this species was named. In the future, it might be 
preferable for blood samples collected from infected koalas to be fixed and stained 
immediately after collection to assist with the morphological identification of this 
trypanosome species.  
Trypanosoma vegrandis is only the second described native trypanosome species in 
Australia (with the first being T. copemani) to be identified from multiple host species. 
Tissue tropism of T. vegrandis includes the cells and tissues of the bone marrow, brain, 
diaphragm, heart, kidney, liver, lung, oesophagus, skeletal muscle, spinal cord, spleen and 
tongue, with further work required to determine if T. vegrandis is capable of invading host 
cells, as appears the case for T. copemani P2.  
It was hypothesised that an established T. vegrandis infection within a woylie may moderate 
the sequential establishment of T. copemani. In this study, none of the woylies became 
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sequentially co-infected with T. copemani after being initially infected with T. vegrandis 
only. If interspecific competition does exists between T. copemani and T. vegrandis, then 
the initial non-virulent parasitic infection (T. vegrandis) may protect the individual from the 
sequential infection of a more-virulent species (T. copemani), thus protecting the host from 
the potential chronic effects of T. copemani. A similar example of beneficial interspecific 
competition has been identified between different strains of Trypanosoma bruci in mice, 
whereby the primary establishment of less virulent strains significantly enhanced host 
survival from sequential infection with the more virulent strain (Balmer et al. 2009). 
However, in order to test this further, T. vegrandis would first need to be maintained in 
culture, with laboratory-based in-vivo and rodent infection models established. This 
interspecific competition may have significant implications for the remaining UWR woylies, 
as those infected with T. vegrandis only, may be resistant to the chronic effects of T. 
copemani, and therefore surviving longer within this environmental reserve.  
 
7.4 Conservation implications for the woylie 
The findings of this study have advanced our understanding regarding the possible role that 
trypanosomes may have played during the recent decline of the woylie in Western Australia. 
In particular, it highlights the correlation between the temporal decline in parasitaemia of T. 
copemani in the peripheral blood of the woylie and the transition of infections from acute to 
chronic stage. It is hypothesised that the chronic effect of trypanosome infections (in 
particular T. copemani) over time has interfered with organ functionality and co-ordination 
of the woylie (to such organs as the brain bone marrow, heart, spinal cord and oesophagus), 
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and therefore has been an influential disease agent during the recent woylie declines. The 
results of this study suggest that, while the KP woylies are largely PCR negative to 
trypanosomes, they may be chronically infected with T. copemani and therefore, remain at 
high risk from the long term effects of T. copemani and local extinction. The continued 
trypanosome surveillance of the UWR woylies must be of high priority, so that we can 
better understand their health and survival during future conservation efforts. Also, the re-
analysis of historical data collected between 2006 and 2010 should also be of high priority, 
as this data set may hold many of the answers needed to confirm the influence of 
trypanosomes during the recent decline of the woylie.  
It is tempting here to suggest recommendations for future experimental infections and 
treatment vs. non-treatment experimentation. However, these types of experimental 
investigations have inherent drawbacks, which outweigh the unnecessary sacrificing of 
critically endangered animals.  For example, during experimental infection of individuals, the 
methodology would elevate the already high stress levels of these animals (through 
excessive monitoring and handling of an individual, and housing them within a sterile and 
restrictive environment), with the interpretation of results being only relevant to highly 
stressed animals under artificial conditions.  Conclusions from such studies would no longer 
represent the remaining wild populations, and would therefore outweigh the need for such 
experimentation, especially when considering a species with limited genetic diversity 
remaining in the wild.  
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7.5 Recommendations 
As a result of this investigation, the following recommendations are made to assist with 
future conservation work to protect the woylie from extinction: 
Upper Warren region 
 The current field protocol adopted by DPaW during woylie trapping already 
involves the processing of a number of samples immediately after collection. The 
DPaW protocol for collecting blood smears should now be amended to include the 
fixing of the blood slides in methanol on the day of trapping, followed by the 
immediate application of Modified Wright’s stain to help preserve T. vegrandis 
specimens in situ. 
 The collection and molecular analysis of blood samples from the UWR woylies 
should be continued, with these samples individually screened for T. copemani, T. 
vegrandis and T. sp. H25. The collection and analysis of blood samples should also 
be extended to other co-habiting species within the UWR in order to completely 
understand the potential chronic effects of T. copemani within this nature reserve. 
Also, due to the very low prevalence of T. sp. H25 from woylies within the UWR, it 
appears likely that there are other co-habiting species within the region that are 
maintaining a higher prevalence of this trypanosome. 
 As T. sp. H25 is known to occur as a single infection within the KP and PS woylies 
(results of this study), an effort should be made to identify the morphological form 
of this parasite from the woylie and formally describe and name the species. 
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 As a possible temporal connection was identified linking T. copemani as the disease 
agent associated with the recent decline of the UWR woylies, historical 
trypanosome data from this region should be re-analysed, with data separated and 
analysed independently for the KP and PP woylies. 
 Trypanosoma copemani P1, T. copemani P2 and T. vegrandis should be established 
and maintained in culture, with laboratory-based in-vivo and rodent infection 
models established for each to assist with further research aimed at saving the 
woylie from extinction.  
 Further work should be conducted to investigate whether T. copemani P1 and P2 
represent phenotypes of the same species, or are the different morphological 
forms of two different species. 
 The collection and analysis of ectoparasites should be continued, so as to 
determine their vectorial role in the transmission of T. copemani and T. vegrandis 
between infected and uninfected woylies.  
 
Karakamia Wildlife sanctuary 
 The collection and molecular analysis of blood samples from the KWS woylies 
should be continued, with these samples screened independently for T. copemani, 
T. vegrandis and T. sp. H25. The collection and analysis of blood samples should 
also be extended to other co-habiting species within the enclosure, as it appears 
likely that there are other host species at KWS that are also infected with T. 
copemani and / or T. sp. H25.  
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 At KWS, individual woylies with co-infections of T. copemani and T. vegrandis 
should be closely monitored during trapping sessions, so as to assess whether there 
are any changes to their health and fitness in response to the chronic effects of T. 
copemani.  
 The collection and analysis of ectoparasites should be continued, so as to 
determine their vectorial role in the transmission of T. copemani and T. vegrandis 
between infected and uninfected woylies.  
 
Native Animal Rescue 
 The collection and molecular analysis of blood samples from the NAR woylies 
should be continued, with these samples screened independently for T. copemani, 
T. vegrandis and T. sp. H25.  
 The NAR woylies provide a unique opportunity to understand the role that 
trypanosomes have played during the recent decline of the woylies and should be 
highly valued. Further work is required to understand why indigenous woylies have 
declined, with research directed to complement conservation efforts to protect the 
species from extinction.  
 The collection and analysis of ectoparasites should be continued, so as to 
determine their vectorial role in the transmission of T. copemani and T. vegrandis 
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7.6 Concluding remark 
Through the continued collaboration of various government bodies, educational 
institutions, privately funded businesses and volunteers, which incorporate the expertise 
and first-hand observations of personnel from diverse disciplines, the future survival of the 
woylie appears to be in good hands. This professional network MUST remain dedicated to 
the recovery of this species, otherwise the woylie, as a species, may be lost forever.  
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Appendix 1. Woylie sample sheet 
Woylie Sampling- NAR (Malaga)                         PEN   
Pen #:          Woylie Tag #:  
Sex: Male / Female               Age: Juvenile / Sub-Adult / Adult                        
Total Weight: _____________(g) Bag Weight: _____________(g) Animal Weight: _____________(g) 
Original Weight:             Last Weight:  
Head Length: _____________(mm)  Left Pes: _____________(mm)  Right Pes: _____________(mm)   
Tail Diameter: _____________(mm)   
Testies: _______________(mm)  Pouch Activity: No / Yes  ________ x __________(mm) 
Pouch Condition 1-5 (1 = infected, 5 = very good)________________________________________ 
Clinical Checklist: 
  Body Condition 1-5 (1 = emaciated, 5 = obese) | Skin Fold:                                     (mm) 
  Fur Condition 1-5 (1 = very poor, 5 = very good).  Notes: 
  Agitation 1-5 (1 = no struggling, 5 =very agitated).  Notes: 
  Strength 1-5 (1 = weak, 5 = very strong). Notes: 
  Eye trauma (Y / N).  Notes: 
  Ear trauma (Y / N).  Notes: 
  Facial trauma (Y / N).  Notes: 
  Body trauma (Y / N).  Notes: 
  Tail trauma (Y / N).  Notes: 
  Cloaca Condition 1-2 (1 = infected, 2 = normal). Notes: 
  Skin Condition.  Normal, Redness, Crusts, Odour, Wounded, Ulceration, Flakiness 
  General appearance 1-5 (1 = very poor, 5 = very good). Notes: 
Parasites: 
  Blood EDTA (Y /N)       Notes: 
  Blood Slide (Y / N)          Notes: 
  Ectoparasite ear (Y / N)             Ticks:                      Fleas:                      Lice: 
  Ectoparasite body (Y / N)          Ticks:                      Fleas:                      Lice: 
  Ectoparasite genitals (Y / N)    Ticks:                      Fleas:                      Lice: 
  Insect Bites at Tail (Y / N) Number: 
 
 
Feaces / Fur: 
  Feaces taken (Y /N)       Notes: 
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Appendix 3. Trypanosome morphology companion paper 
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Appendix 4. Trypanosome of Australian mammals paper
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Appendix 5. Trypanosome temporal and spatial paper
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Appendix 6. Data sheet for DPaW 
 
Days old Crown Rump Weight (± CI95) Pes Length (± CI95) Head Length (± CI95)
(mm) (g) (mm) (mm)
5 10.8 ------ ------ ------ ------ ------ ------
10 14.9 ------ ------ ------ ------ ------ ------
15 19.0 ------ ------ ------ ------ ------ ------
20 23.1 ------ ------ ------ ------ ------ ------
25 27.2 ------ ------ ------ ------ ------ ------
30 31.4 ------ ------ ------ ------ ------ ------
35 35.5 ------ ------ ------ ------ ------ ------
40 39.6 ------ ------ ------ ------ ------ ------
45 43.7 ------ ------ ------ ------ ------ ------
50 47.8 ------ ------ ------ ------ ------ ------
55 51.9 ------ ------ ------ ------ ------ ------
60 56.0 42.1 (33.1 - 52.5) 36.5 (36.8 - 37.2) 31.7 (31.6 - 32.3)
65 60.1 53.8 (43.6 - 65.3) 43.7 (43.1 - 45.6) 34.9 (35.1 - 35.3)
70 64.3 68.5 (57.4 - 80.9) 51.3 (49.7 - 54.3) 38.2 (38.1 - 39.0)
75 68.4 87.0 (75.1 - 100.0) 59.0 (56.5 - 62.9) 41.6 (41.1 - 42.7)
80 72.5 109.8 (97.7 - 122.9) 66.5 (63.2 - 71.0) 45.0 (44.1 - 46.5)
85 76.6 137.9 (126.3 - 150.4) 73.5 (69.5 - 78.2) 48.3 (47.1 - 50.1)
90 80.7 171.8 (161.8 - 182.9) 79.7 (75.5 - 84.4) 51.6 (50.1 - 53.7)
95 84.8 212.1 (205.1 - 220.8) 85.1 (80.9 - 89.4) 54.7 (53.0 - 57.0)
100 88.9 259.3 (256.6 - 264.3) 89.7 (85.7 - 93.4) 57.7 (55.8 - 60.1)
105 ------ 313.2 (313.5 - 316.2) 93.4 (89.8 - 96.5) 60.5 (58.5 - 63.0)
110 ------ 373.1 (367.8 - 382.9) 96.4 (93.3 - 98.8) 63.2 (61.0 - 65.6)
115 ------ 438.1 (426.6 - 455.0) 98.8 (96.2 - 100.6) 65.6 (63.5 - 67.9)
120 ------ 506.2 (488.7 - 529.7) 100.6 (98.6 - 101.8) 67.8 (65.7 - 70.0)
125 ------ 575.5 (552.6 - 604.2) 102.1 (100.5  102.8) 69.9 (67.8 - 71.8)
130 ------ 643.6 (616.7 - 675.5) 103.2 (102.1 - 103.5) 71.7 (69.8 - 73.4)
135 ------ 708.6 (679.4 - 741.1) 104.0 (103.4 - 104.0) 73.3 (71.6 - 74.8)
140 ------ 768.5 (739.1 - 799.3) 104.7 (104.3 - 104.4) 74.8 (73.2 - 76.0)
145 ------ 822.4 (794.5 - 849.4) 105.2 (104.6 - 105.1) 76.0 (74.7 - 77.0)
150 ------ 869.6 (845.0 - 891.3) 105.5 (104.8 - 105.8) 77.2 (76.0 - 77.9)
155 ------ 910.0 (889.8 - 925.5) 105.8 (104.9 - 106.3) 78.1 (77.2 - 78.7)
160 ------ 943.9 (929.0 - 953.0) 106.0 (105.0 - 106.7) 79.0 (78.3 - 79.3)
165 ------ 971.9 (962.8 - 974.7) 106.2 (105.1 - 107.0) 79.8 (79.3 - 79.8)
170 ------ 994.7 (991.3 - 991.7) 106.3 (105.1 - 107.2) 80.4 (80.1 - 80.3)
175 ------ 1013.2 (1004.8 - 1015.3) 106.4 (105.2 - 107.4) 81.0 (80.7 - 80.9)
180 ------ 1027.9 (1014.9 - 1035.2) 106.4 (105.2 - 107.5) 81.4 (81.0 - 81.5)
185 ------ 1039.6 (1022.6 - 1051.6) 106.5 (105.2 - 107.6) 81.9 (81.3 - 82.1)
190 ------ 1048.9 (1028.4 - 1065.0) 106.5 (105.2 - 107.7) 82.2 (81.5 - 82.7)
195 ------ 1056.1 (1032.8 - 1075.9) 106.5 (105.2 - 107.8) 82.5 (81.7 - 83.1)
200 ------ 1061.8 (1036.2 - 1084.7) 106.6 (105.2 - 107.9) 82.8 (81.8 - 83.5)
205 ------ 1066.2 (1038.7 - 1091.8) 106.6 (105.2 - 107.9) 83.0 (82.0 - 83.9)
210 ------ 1069.7 (1040.6 - 1097.5) 106.6 (105.2 - 107.9) 83.2 (82.1 - 84.2)
215 ------ 1072.4 (1042.1 - 1102.1) 106.6 (105.2 - 108.0) 83.4 (82.2 - 84.5)
220 ------ 1074.5 (1043.1 - 1105.8) 106.6 (105.2 - 108.0) 83.5 (82.2 - 84.7)
Age Estimates for Woylie Pouch Young 
